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The tirs of Morocco, by Emile H, del Villar 
SOIL SCIENCE, vol. 57 

Page SIS — ^As the Editor^s Note indicates, neither the edited manuscript nor the proof of 
this paper was seen by the author, and in view of this unusual situation, the editors assumed 
responsibility for possible misinterpretations of the author’s original version. After seeing 
the printed paper, the author requested publication of the following comments: 

Page S14, lines 3 to 5 — ^The natural vegetation of the flooded tirs is not merely an associa- 
tion, but consists of three successive stages, as follows: 

1. A consocies of Phragmites communis, vegetation very frequently encountered on the 
tirs that remain submerged a large part of the year. 

2. An associes of Juncus acutus, J. maritimus, and Scirpus Holoschoenus, on the tirs 
that is still waterlogged but not necessarily submerged. 

3. A prairie of Scirpus maritimus in the very humid state, as transition to that of moist 
prairie of Graminaceae and Papilionaceae. 

Page SIS, table 2, and page SI 9, table 6 — Red sandy soils of the downs should read as in the 
original version, downy red sands or downy red sandy soil. The author points out : *Tt is not 
the same. I have created this soil group under the French name ‘sables rouges dunaires* or 
‘s^rie dunaire.’ They are soils which, in North Africa, occupy great extents, and are 
formed, not only on the downs, but also (and more extensively) on the materials of ancient 
downs and of their soils, which have been removed by erosion and transported by natural 
agents, as wind, colluvium, etc.” 






BORON SYMPOSIUM 


A s 3 nD[iposium on boron was held by the Division of Fertilizer Chemistry of the 
American Chemical Society at its annual meeting in Pittsburgh, Pennsylvania, 
on Monday, September 6, 1943, and the S 3 miposium papers constitute this 
issue of Soil Science. The widespread interest in boron on the part of pathol- 
ogists and biological chemists, as well as by those who are concerned with the 
manufacture and use of fertilizers containing it, resulted in a large attendance at 
this session. We are pleased to present these papers for the benefit of the readers 
of this Journal. 

Firman E. Bear 


POTASSIUM-BORON AND CALCIUM-BORON RELATIONSHIPS IN 

PLANT NUTRITION^ 

ELDROW REEVE and JOHN W. SHIVE^ 

New Jersey Agricultural Experiment Station 
Received for publication September 22, 1943 

In recent years the attention of many investigators has centered upon the role 
of boron in plant nutrition. At present there is much interest in the importance 
of boron in the commercial production of plants. There is conclusive evidence 
that many soils are deficient in boron and will not produce a satisfactory crop 
under any system of soil management unless this element is supplied. Many 
investigators (3, 8, 10, 12, 14) have observed, in connection with fertilizer experi- 
ments on boron-deficient soils, that the severity of boron-deficiency symptoms 
is often associated with liming of the soil and certain other fertilizer practices. 
It has been observed frequently also that the external sjnnptoms of boron defi- 
ciency and of calcium deficiency are strikingly similar. This has led to the 
suggestion that the functions of boron and calcium in the plant are intimately 
associated in the general metabolic activities. 

There is some evidence (11) that potassium and boron also are closely related 
in their effects upon plant development, although this is not indicated by any 
similarity between the external symptoms induced by deficiencies of these two 
elements. Little is known, however, about the influence of the major essential 
cations, K+, Ca++, and Mg++ upon the response of the plant toward boron when 
these elements are present in the nutrient substrate, or in the plant, either in 
deficient quantities or in concentrations in excess of those required for growth and 
development under optimum conditions. 

1 Journal Series paper of the New Jersey Agricultural Experiment Station, Rutgers Uni- 
versity, department of plant physiology. 

2 Grateful acknowledgment is hereby accorded to Miss Mildred Wyers for her valuable 
assistance with the quantitative analytical work, and to the American Potash Institute 
for financial aid which made the investigation possible. 
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The following report deals primarily with the results of a careful quantitative 
investigation of the response of plants toward boron treatments when grown 
separately in series within relatively wdde ranges of known levels of potassium 
and of calcium supplied in a basic nutrient solution in sand culture. 

METHOB 

Cultural methods 

Tomatoes and corn were used as indicator plants in this investigation, since 
they represent the two distinct types, dicots and monocots, and since earlier 
work has shown them to be quite different in their response to boron treatment. 
This report, however, will deal only with the results obtained with the tomato as 
the indicator plant. 

The plants were gro’^vn in sand culture, and the nutrient solution was supplied 
by the continuous flow method (13). Seedlings were germinated in sand and 
were transplanted to purified sand in highly glazed pots as soon as the cotyledons 
were free from the seed coat and well expanded, the fii'st true leaves still being 
in the bud stage. 

For 3 weeks after transplanting, all cultures were supplied with a standard 
culture solution, containing 0.25 p.p.m. boron. The potassium-boron and cal- 
cium-boron treatments were begun at the end of this period and were maintained 
for 14 days. 

At the end of the experimental period of 14 days, the plants were harvested, 
green and dry weight yields were obtained, and the plant material was prepared 
for the quantitative determinations of boron, calcium, and potassium. In an 
attempt to differentiate between the total and soluble fraction of each of the 
three elements, a representative 50-gm, green sample from each culture was 
quickly frozen at the time of harvest. A 100-gm. green sample from each culture 
was dried in preparation for the determination of total boron, calcium, and 
potassium. 

Analytical methods 

In the presentation of the analytical data it is here assumed that the active 
fractions of boron, calcium, and potassium in the plant are those portions of each 
which are in the soluble state within the cells. These fractions were extracted 
as completely as possible from the frozen samples under pressure. The portions 
of the elements in question remaining in the press cake are here regarded as the 
inactive or insoluble fraction. 

The frozen tissue was extracted by wrapping the sample in a convenient square 
of muslin, placing it in the pressure chamber of a Carver press, covering it with 
40 ml. of distilled water, and subjecting it to a pressure of 5,000 pounds per square 
inch for 1 minute. The press cake was washed twice more with 40-ml. portions 
of distilled water and subjected to 5,000 pounds pressure after each washing. 
Pressure was maintained for 2 minutes after the last washing. The combined 
washings were passed through a quantitative filter paper. The press cake was 
removed from the muslin, placed in a drying basket, together with the filter 
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paper, and dried at 70°C. for 48 hours. The press cake and filter paper were 
then ignited in a muffle furnace. The residue was taken up in 10 ml. of (1 + 4) 
HCl, and made to volume with distilled w^ater in a 260-mL volumetric flask. 
Aliquots of this solution were then taken for boron and calcium determinations. 
All of the potassium was considered to be in a soluble form, since analysis on a 
number of the press cakes showed that 92 to 99.6 per cent of the potassium in the 
plant tissues was extractable by the method employed. 

Dry 3delds of the 100-gm. green samples were obtained by drying at 70°C. for 
48 hours. The dried tissue was ground in a Wiley mill to pass a 40-mesh screen. 
A 2-gm. sample was then ignited in a muffle furnace, the residue taken up in 5 
ml. of (1 + 4) HCl, and made to volume with distilled water in a 100-ml. volu- 
metric flask. Aliquots of this solution were then taken for the determinations of 
total boron and total calcium. A separate ashing was made for the potassium 
determination, and the residue taken up with (1 + 4) HNO3 instead of HCl, since 
chlorides interfere in the potassium method here used. Potassium was deter- 
mined by the micromethod (4). 

Calcium determinations were made by the volumetric method of the A.O.A.C. 
The quinalizarin method (2) was used for the boron analyses. 

The soluble fraction of calcium and of boron for each culture was determined 
by subtracting the total quantity obtained by analysis of the entire residue of an 
extracted sample from the corresponding total quantity obtained by analysis of 
an unextracted sample. 

POTASSIUM-BORON SERIES 

Experimental plan 

In this series with tomatoes, twenty cultures, each containing three plants, 
were divided into five groups of four cultures each. Each group was grown at a 
different level of potassium. The five potassium levels were : 10, 50, 89, 250, and 
500 p.p.m. Boron as boric acid was added at different concentrations to the four 
cultures at each of the potassium levels. The boron concentrations were as 
follows: 0.001, 0.1, 0.5, and 5.0 p.p.m. The composition of the culture solutions 
at the five potassium levels employed with each of the four boron concentrations 
is presented in table 1. 

Response of plants to treatment 

The relative intensities of the external symptoms of deficiency and of toxicity 
which developed on the plants at the different potassium and boron levels are 
represented by the shaded areas in figure L The diagram illustrates also the 
general experimental setup. 

Definite boron-deficiency symptoms developed on the tomato plants in culture 
5, supplied with 0.001 p.p.m. boron and 500 p.p.m. potassium, only 3 days after 
they wore placed on treatment. Deficiency symptoms appeared last on the 
plants of culture 1, supplied with 0.001 p.p.m. boron and at the lowest potassium 
level, 10 p.p.m. A rough measure of the relative injury to the plants in the 
different cultures is indicated by the shaded areas in the squares. As showm 
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in the diagram by the shaded area on the left the severity of the boron-deficiency 
symptoms on the plants supplied with 0.001 p.p.m. boron in the nutrient solution 
increased progressively with increase in the potassium concentration in the 
substrate. It is thus clear that potassium, particularly at the higher concen- 
trations, accentuates the injury resulting from boron deficiency. It also sug- 
gests that plants growing in substrates (soils) which are relatively low in boron 
might be free from symptoms of boron deficiency at low potassium levels, but 


TABLE 1 

Composition of culture solutions at five potassium levels employed with each of four 
different boron concentrations of 0.001 y 0.1, 0.5, and 5.0 p.p.m. 


K 


MOLAR CONCENTRATIONS OR MAJOR SALTS 


TRACE ELEMENTS 


LEVELS 

Ca(N03)2 

CaCla 

MgSOi 

Mg(H2P04)2 

10 

0.00390 


0.00182 

0.00043 

50 

0.00382 

0,00008 

0.00225 


89 

0.00331 

0.00059 

0.00225 


250 

0.00252 

0.00138 

0.00225 


500 

0.00252 

0.00138 

0.00225 



KH 2 PO 4 

KNOa 

K 2 SO 4 

Fe 

Zn 

Mn 

0.00025 



p.p.m. 

1.0 

p.p.m. 

0.5 

p.p.m. 

0.25 

0.00112 

0.00016 


1.0 

0.5 

0.25 

0.00112 

0.00118 


1.0 

0.5 

0.25 

0.00112 

0.00265 

0.00132 

1.0 

0.5 

0.25 

0.00112 

0.00265 

0.00453 

1.0 

0.5 

0.25 


K 

p.p.m. 


■ " i 

10 


6 

1 1 

i 

50 

:^2 

7 

12 

M7 

89 

^3: 

8 

13 

fis 

250 


9 

14 

/S^19 

500 


10 

15 

^20 

B 

p.p.m. 

0.001 

0.1 

0.5 

' -5.0 


Pig. 1. Boron and Potassium Treatments and General Experimental Setup for 

Potassium-Boron Series 

SPaded areas left, and right indicate boron deficiency and boron toxicity, respectively 

might be severely injured at the higher levels of potassium. Thus in boron- 
deficient substrates severe injury may be expected when potassium is present 
in relatively high concentration, particularly when present in excess of that 
required by the plant for optimum growth. 

At the end of the 14-day treatment period boron to^dcity was apparent on all 
of the plants that were supplied with a solution containing 5.0 p.p.m. boron. 
But the toxicity on the plants supplied with this relatively high concentration 
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of boron increased in severity with increase in potassium concentrations in the 
substrate, as indicated in figure 1 by the shaded areas in the squares representing 
cultures 16 to 20 inclusive. It is apparent that the external symptoms of boron 
toxicity at high boron levels, like deficiency symptoms at low boron levels, are 
progressively accentuated mth increasing potassium concentrations in the nu- 
trient substrate. 

As indicated in figure 1, no symptoms of either boron toxicity or boron defi- 
ciency occurred at anypotassium level here used within the range of boron concen- 
trations of 0.1 to 0.5 p.p.m. Within this range, all cultures produced vigorous, 
healthy plants, and the several cultures showed no pronounced differences in dry- 
weight yields. 

Results of chemical analyses 

The results of quantitative tests for total and soluble boron in the tissue of the 
tomato plants are shown graphically in figure 2, in which the boron content of the 
plants, in parts per million of dry tissue, is plotted against potassium concentra- 
tion, in parts per million of the substrate. The four sets of graphs represent the 
analytical data obtained by analyses of the plants grown at four different boron 
levels. 

These graphs bring out the important fact that the potassium concentration of 
the substrate has a very definite influence on the accumulation of boron in the 
tissues of the tomato plants. For any given boron concentration in the substrate 
there is a progressive increase in the boron content of the plants as the potassium 
concentration in the substrate increases. This is especially pronounced at the 
high boron levels. For example, at the boron level of 5.0 p.p.m. in the substrate 
the boron in the plant tissue increased approximately 100 per cent, as the potas- 
sium concentration in the substrate was increased from 10 to 250 p.p.m* 

These data explain the qualitative observations made earlier, that boron 
toxicity at high boron levels increased in severity with increase in potassium 
concentration in the substrate, but fails to explain why injury due to boron 
deficiency is progressively intensified with increasing concentrations of potassium 
in the growth medium. In other words, the quantitative data obtained by 
analysis of the plant tissues for boron and potassium are not in agreement with 
the qualitative observations made on boron-deficient plants, which suggests that 
the apparent relation between potassium and boron in the metabolism of the 
plant is not a direct one but that potassium influences boron nutrition indirectly 
through some factor which bears a direct relation to boron metabolism. From 
an analysis of the graphs it appears that the soluble boron in the tissues is a 
function of the total boron content. 

In figure 3 the potassium content of the plant, in milligrams per gram of dry 
tissue, at each of the five potassium levels is plotted against boron concentration 
in parts per million of the substrate. As might be expected, the potassium con- 
tent of the tissues is a function of the potassium concentration in the growth 
medium. This is indicated by the relative positions of the graphs, one above 
the other in the order of increasing concentrations of potassium. The outstand- 
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ing point brouglit out by these data, however, is the fact that, at each potassium 
level, except at the lowest, maximum potassium accumulation occurred at a 
boron concentration of 0.1 p.p.m. in the substate. It will be observed that 
potassium accumulation increased, from a minimum at 0.001 p.p.m. boron in the 
substrate, to the maximum and then decreased from this point as the boron was 
increased to 5.0 p.p.m. At the potassium level of 10 p.p.m. in the substrate, 
however, potassium accumulation was greatest at the lowest boron level (0.001 

K 

mgm* 



Fig. 2 Fig. 3 

Fig. 2. Total and Soluble Boron in Dry Plant Tissue at Each Boron Concentration 
IN the Substrate Plotted Against Potassium Levels in the Substrate 
Solid line, total boron; broken line, soluble boron 

Fig. 3. Potassium per Gram of Dry Plant Tissue at Each Potassium Level in the 
Substrate Plotted Against Boron Concentration in the Substrate 

p.p.m.) and decreased gradually as the boron concentration in the substrate 
increased. 

The chemical analyses show also that in the tomato plant a considerable por- 
tion of the boron which accumulates in the tissues is in the insoluble state. It is 
logical to assume that boron in this form in the tissues is biologically inactive 
and its accumulation in this form accounts for the fact that an adequate con- 
tinuous supply of the element in the nutrient substrate is essential to maintain 
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normal development at any physiological phase in the growth cycle. The data 
further show that the greatest average accumulation of inactivated boron occurs 
in the tissues of the plants which show the highest yields of plant material, that 
is, where biological activity is at its maximum. These are the plants which 
w^'ere grown at a boron level of 0.10 p.p.m. 

CALCIUM-BORON SERIES 
Experimental plan 

The cultures of this series were carried out in precisely the same way as were 
those of the potassium-boron series. Thirty cultures, each containing three 
plants, were divided into six groups of five cultures each. Six levels of calcium 
were employed: 5, 10, 50, 100, 250, and 500 p.p.m. corresponding to the six groups 
of cultures. Boron was added to the cultures at each of the calcium levels in 
concentrations as follows: 0.001, 0.01, 0.5, 5.0, and 10.0 p.p.m. The composi- 
tion of the culture solutions at the calcium levels employed with each of the boron 
concentrations is presented in table 2. 

Response of plants to treatment 

The relative intensities of the symptoms of metabolic disturbance resulting 
from deficient and from excess quantities of boron in the nutrient solutions sup- 
plied to the cultures are represented diagrammatically by the shaded areas in 
figure 4, which corresponds in every way to figure 1 of the potassium-boron series 
already treated. 

Symptoms of boron deficiency appeared first in the plants of culture 6, at the 
highest calcium level, 2 days after treatments were begun. At the end of the 
experimental period the plants of all the cultures at the lowest boron concen- 
tration, 0.001 p.p.m., exhibited boron-deficiency symptoms. At the high cal- 
cium levels the plants were severely injured, whereas at the lowest calcium level 
the plants were only slightly injured. At this boron level the deficiency symp- 
toms increased in severity progressively in the order of increasing calcium con- 
centrations of the substrate. This behavior is illustrated in figure 4, on the left, 
by the shaded area of each square, in proportion to the whole, which roughly 
represents a measure of the relative degree of injury to the plants resulting from 
boron deficiency. 

A comparison of the diagram of figure 4 with that of figure 1 shows marked 
agreement between the corresponding areas representing injury from boron 
deficiency. This indicates that calcium and potassium are similar in their capac- 
ity to accentuate the symptoms of boron deficiency with increasing concentra- 
tions of these cations in the nutrient substrate. In this respect, however, calcium 
appears to be considerably more effective than potassium. 

Boron toxicity occurred on the plants of all the cultures supplied with a solution 
containing the highest concentration of boron (10 p.p.m.). As shown in figure 
4, however, this type of injury decreased with increasing concentrations of cal- 
cium, toxicity being negligible at the highest calcium level. This effect of calcium 
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is directly opposite to its influence upon the injury produced by boron deficiency 
and in this respect the iafluence of calcium is also diametrically opposite to the 
accentuating effect of potassium on the injury produced by either a deficiency or 
an excess of boron in the nutrient substrate. This is brought out clearly by a 
comparison of figure 1 with figure 4. 

TABLE 2 


Composition of culture solutions at six calcium levels employed with each of five different 
boron concentrations of 0.001 ^ 0.01, 0.50, 5.0, and 10.0 p.p.m. 


Ca 


MOLAK CONCENTRATIONS OF MAJOR SALTS 


TRACE ELEMENTS 

LEVELS 

Ca(NO!)s 

CaCl 2 

MgS04 

k:H2P04 

k:2S04 

NaNOs 

Fe 

Zn I 

Mn 

p . p . m . 

5 

0.000125 


0.001125 

0.001125 

0.001125 

0.00875 

p . p . m . 
1.0 ^ 

p . p . m . 

0.5 

p . p . m . 

0.25 

10 

0.00025 


0.001125 

0.001125 

0.001125 

0.0085 

1.0 

0.5 ! 

0.25 

50 

0.00125 


0.001125 

0.001125 

0.001125 

0.0065 

1.0 

0.5 

0.25 

100 

0.0025 


0.001125 

0.001125 

0.001125 

0.0040 

1.0 

0.5 

0.25 

250 

0.0045 

0.00175 

0.001125 

0.001125 

0.001125 


1.0 1 

0.5 

0.25 

500 

0.0045 

0.0080 

0.001125 

0.001125 

0.001125 


1.0 

0.5 

0.25 


Ca 


p«p«m« 

i 

5*0 

m 

■ 

13 

19 : 

§25 

10,0 


8 

14 

20 

>^26 

50.0 

P 

9 

15 

■ 


IpO.O 


u 

16 
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250.0 


in 





in 

17 

23 


500.0, 


^' 2 . 

18 

24 

■ 

B *“* 

0.001 

-0.01 

0.5 

5,0 



p#p*m* 

Fig. 4. Boron and Calcium Treatments and General Experimental Setup for 

Calcium-Boron Series 

Shaded areas left and right indicate boron deficiency and boron toxicity, respectively 


From the practical point of view, these results suggest that in substrates (soils) 
which contain boron in excess of that required for optimum growth and develop- 
ment, toxic effects may be reduced or prevented by the addition of calcium. The 
addition of potassium, on the other hand, should be expected to aggravate the 
toxic effect of excess boron. 
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Results of chemical analyses 

The results of quantitative tests for total and soluble boron and calcium are 
given in table 3. An analysis of these data immediately shows that both total 


TABLE 3 

Total and soluble boron and calcium of tomato plant tissues 


Results per gram dry tissue 


TREATMENT 

TOTAL B 

SOLUBLE B 

TOTAL Ca 

SOLUBLE Ca 

CS) 

B 


p . p . m . 

mgm . 

mgm . 

mgm . 

mgm . 

5 

0.001 

0.018 

0.006 

9.9 

5.0 

10 

0.001 

0.018 

0.006 

12.0 

6.0 

50 

0.001 

0.018 

0.006 

21.8 

8.5 

100 

0.001 

0.018 

0.006 

25.4 

10.2 

250 

0.001 

0.018 

0.007 

34.6 

16.1 

500 

0.001 

0.018 

0.005 

34.6 

15.4 

5 

0.01 

0.025 

0.008 

9.4 

7.5 

10 

0.01 

0.025 

0.007 

9.2 

3.3 

50 

0.01 

0.025 

0.009 

21.7 

9.3 

100 

0.01 

0.025 

0.006 

24.7 

11.4 

250 ’ 

0.01 

0.025 

0.006 

32.7 

15.8 

500 

0.01 

0.025 

0.006 

34.4 

20.3 

5 

0.5 

0.062 

0.042 

6.8 

2.5 

10 

0.5 

0.062 

0.044 

8.2 

3.8 

50 

0.5 

0.062 ' 

0.041 1 

22.3 

8.5 

100 

0.5 

0.062 

0.043 ’ 

23.6 

11.4 

250 

0.5 

0.062 

0.044 

30.3 

14.4 

500 

0.5 

0.062 

0.042 

35.6 

17.4 

5 

5.0 

0.468 

0.387 

6.8 

2.7 

10 

5.0 

0.484 

0.395 

8.1 

2.8 

50 

5.0 

0.546 

0.386 

21.6 

7.6 

100 

5.0 

0.429 

0.343 

23.5 

8.5 

250 

6.0 

0.341 

0.283 

34.7 

18.4 

500 

5.0 

0.195 

0.136 

39.1 

19.7 

5 

10.0 

0.859 

0.716 

7.0 

2.7 

10 

10.0 

0.937 

0,806 

8.7 

3.2 

50 

10.0 

1.015 

0.727 

21.7 

6.6 

100 

10.0 

0.693 

0.538 

23.4 

7.3 

250 

10.0 

0.546 

0.417 

31.5 

12.8 

500 

10.0 

0.281 

0.211 

37.5 

16.6 


and soluble boron in the plant, at the three lower boron levels, appear to be quite 
independent of the calcium concentration in the substrate. At the high boron 
levels (5.0 p.p.m. and 10 p.p.m.), however, there was a decrease in both total and 
soluble boron concentrations in the tissue, with increase in the calcium concen- 
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trations in the nutrient substrate. This explains the qualitative observations 
made earlier, that boron toxicity at the high boron levels decreased in severity 
with increase in calcium in the nutrient substrate. 

It must be concluded from these data that soluble boron in the plant is a func- 
tion of the total boron content of the tissues, which in turn is determined by the 
boron concentration in the substrate, but within the limits here defined, boron 
accumulation in the plant is considerably modified by calcium concentrations 
in the substrate particularly at higher calcium levels as above indicated. A 
similar behavior was reported earlier by Marsh and Shive (6) and by Marsh (7). 

From the results of the analyses of the plants for total and soluble calcium as 
presented in table 3, it is clear that calcium accumulation in the tissues is largely 
determined by the calcium concentration in the substrate and is independent of 
boron. At the two lower levels of calcium there was a tendency toward slight 
decrease in total and soluble calcium in the plant with increase in the boron 
concentration of the substrate. There appears to be little regularity in this 
tendency, however, and it is probably not significant. 

The quantitative data obtained by chemical analyses of the plant tissues may 
now be considered from another point of view. From the analytical data relat- 
ing to potassium and boron content of the plants, the K/B ratios for the plants 
grown at each of the several boron levels have been calculated. These ratios 
calculated for the plants of the cultures, at a single boron level (0.1 p.p.m.), have 
been plotted against the potassium concentration of the corresponding culture 
solutions and are shown in figure 5, which presents in comparison the graph of 
the Ca/B ratios, similarly calculated for the plants of the same cultures. Since 
the corresponding ratio curves representing the plants grown at each of the other 
boron levels are in every respect similar to those presented in figure 5, or at least 
show similar trends, they will not be considered in this discussion. 

As the K/B ratio curve (fig. 5) shows, and as might be expected, the values 
of the K/B ratio increase rapidly with increase in the potassium concentration 
of the growth medium. But the interesting and significant fact to be noted is 
that at any given calcium and boron level, within limits, the Ca/B ratio decreases 
markedly with increase in the potassium concentration of the nutrient substrate. 
This indicates the strong inhibitory influence which potassium exercises over the 
processes controlling the absorption and accumulation of calcium by the plant. 
It provides further explanation for the marked increase in the severity of boron 
toxicity at high boron levels with increasing concentrations of potassium, since 
as has already been shown, the severity of this type of injury increased in inten- 
sity as the calcium concentration in the nutrient substrate decreased and, there- 
fore, as the calcium accumulations in the plant tissues decreased. It fails to 
explain, however, why injury due to boron deficiency is progressively intensified 
with increasing concentrations of potassium in the growth medium. It is clear 
that the quantitative data obtained by chemical analysis of the plant tissues for 
the elements in question are in perfect agreement with qualitative observations 
based on the severity of the injury produced by toxic quantities of boron, but 
there is no agreement between the quantitative analytical data and qualitative 
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observation of the plants based on injury produced by boron deficiency, as al- 
ready pointed out. The analytical data suggest, however, that the apparent 
influence of potassium upon the response of the plant toward boron is not a direct 
relation between potassium and boron in the metabolism of the plant. The 
response of the plant toward boron appears to be determined by the direct and 
intimate relation between calcium and boron in metabolism, but potassium 
strongly influences the response of the plant to boron indirectly through its de- 
terminative effects upon the processes involved in the absorption and accumula- 
tion of calcium. 



Fig. 5 Fin. 6 

Fig. 5. Potassium-Bokon and Calciitm-Boron Ratios in Tomato Plant Tissue Plotted 
Against Potassium Concentrations in the Substrate 
Fig. 6. Calcium-Boron and Potassium-Boron Ratios in Tomato Plant Tissue Plotted 
Against Calcium Concentrations in the Substrate 

In figure 6 are presented the Ca/B ratios and the K/B ratios plotted against 
calcium concentrations in the nutrient substrate in a maimer similar to the pres- 
entation in figure 5. Here with calcium, as with potassium, the most important 
single condition concerned with the marked increase in the Ca/B ratio, at con- 
stant boron and constant potassium levels, is the absolute concentration of 
calcium in the growth medium. It is at once obvious, however, from an examina- 
tion of the graphs, that calcium in the substrate, within the limits of concentra- 
tions here employed, has little or no significant effect upon the K/B ratio values. 
This is in strong contrast to the effect which potassium concentrations in the 
substrate exert upon the Ca/B ratios (fig. 5). These relations may readily be 
explained on the basis of the recognized physicochemical properties of the potas- 
sium and calcium ions. It is now well known that the potassium ion, being 
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much more mobile and more active than the calcium ion, tends to retard the 
processes which determine the absorption and accumulation of calcium (1, 5, 9), 
and since the calcium ion is less active than that of potassium its influence upon 
the absorption and accumulation of potassium is secondary, except perhaps at 
extremely high calcium concentrations. 

It is apparent from visible plant response to calcium-boron treatments that 
the relationships between these two elements are intimate and direct in the nutri- 
tion of the plant. This generalization is supported by the fact that qualitative 
observations of the development of pathological symptoms of both boron defi- 
ciency and toxicity are in every instance in perfect agreement with quantitative 
anal3r(}ical data and can be explained on this basis. The qualitative observation 
that potassium has a strong accentuating influence upon boron toxicity in the 
plant, particularly at potassium concentrations in excess of that required for 
optimum growth and development, is also in agreement with quantitative evi- 
dence, but the observed accelerating effects of potassium upon the injury result- 
ing from boron deficiency is not in agreement with quantitative analytical data. 
Quantitative experimental evidence to explain this anomaly is at present not 
available. 

The practical aspects of the foregoing considerations may be stated very simply 
as follows: If a soil on which tomatoes are growing is so deficient in boron that 
symptoms of deficiency appear on the plants, the application of potassium to the 
soil would tend strongly to intensify the injury to the plants. This result has 
been observed both in the field and in artificial cultures under controlled experi- 
mental conditions. Here the qualitative observation, which is real, is not in 
agreement with quantitative experimental evidence, since the boron content of 
the plant increases correspondingly with increased application of potash to the 
growth medium, which should reduce this type of injury, not intensify it. This 
discrepancy between qualitative observation and quantitative experimental 
evidence is not explainable on the basis of the known physicochemical properties 
of the ions involved, nor is it in harmony with modern theories of salt antagonisms 
and cell permeabilities, which, however, fully substantiate the quantitative 
experimental evidence. 

The application of lime to this same boron-deficient soil would unquestionably 
magnify the injury sustained by the plants, the degree of injury depending upon 
the size of the application. These results also have been observed in the field 
and in controlled experimental culture. In this case the qualitative observation 
is in perfect agreement with quantitative experimental evidence, and both are 
in harmony with modern theories of salt antagonisms and cell permeability. 

Turning now to the other extreme, let us assume that an agricultural soil has a 
boron content in excess of that required for good growth and development, so 
that symptoms of toxicity appear on the plants. The application of potash to 
such a soil would also intensify the injury to the plants, particularly if the quan- 
tity of potash applied should be in excess of that required for maximum yields. 
This result also has been observed both in the field and in experimental cultures 
under controlled conditions . Here the qualitative observation is in perfect 
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agreement with the quantitative experimental evidence, is fully substantiated 
by the physicochemical properties of the ions involved, and is in harmony with 
the theories of ion antagonisms and cell permeabilities. 

If, on the other hand, lime should be applied to this same soil already contain- 
ing an excess of boron, the injury sustained by the plants would be diminished, 
and the degree of diminution would be determined by the size of the application 
of lime. This is the qualitative observation which agrees perfectly with the 
quantitative experimental data and is also in agreement with the modern theories 
of ion antagonisms and cell permeabilities as they relate to the absorption and 
accumulation of ions in the nutrition of plants. 

SUMMARY 

A careful quantitative study was made of the responses of tomato plants 
toward different boron treatments when grown within relatively wide ranges of 
known levels of potassium and of calcium supplied to the plants in a basic nutrient 
solution in sand culture. The results may be summarized as follows: 

The external symptoms of boron toxicity at high boron levels, like deficiency symptoms 
at low boron levels, are progressively accentuated with increasing potassium concentrations 
in the nutrient substrate. 

The potassium concentration of the substrate has a definite influence upon the accumula- 
tion of boron in the tissues of the tomato plant. At^any given boron level in the substrate 
there is a progressive increase in the boron content of the plants as the potassium concen- 
tration in the substrate increases. This is especially pronounced at the high boron levels. 

Calcium and potassium are very similar in their capacity to accentuate the symptoms of 
boron deficiency with increasing concentrations of these cations in the nutrient substrate. 
Boron toxicity, however, at the high boron levels, decreases markedly with increasing 
concentrations of calcium. In this respect the influence of calcium is opposite to the 
accentuating effect of potassium. 

At the high boron levels there is a marked decrease in both total and soluble boron in the 
plant tissue with increase in the calcium concentrations in the nutrient substrate . Calcium 
accumulation in the tissues is largely determined by the calcium concentration in the sub- 
strate and appears to be independent of boron. 

At any given calcium and boron level, within limits, the Ca/B ratio decreases markedly 
with increase in the potassium concentration of the nutrient substrate. Calcium, on the 
other hand, within the limits here employed, has little or no significant effect upon the 
K/B ratio values. 

The response of the tomato plant toward boron appears to be determined by the direct 
and intimate relation between calcium and boron in metabolism, but potassium appears 
to influence the response of the plant to boron indirectly through its determinative effects 
upon the processes involved in the absorption and accumulation of calcium. 
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A number of investigators (2, 4, 5, 9, 12, 13, 14) have reported an apparent 
relationship between the calcium in the soil and availability of boron to plants. 
In general, boron starvation occurs more frequently in the humid climates and 
on overlimed or alkaline soils than on acid soils. The exact nature of this vari- 
ability in the behavior of boron has not been clearly established, although several 
possibilities have been suggested by these workers. 

Purvis (15) pointed out that two of the greatest difficulties in detecting boron 
deficiency in soils was in differentiating (a) between the total boron content in the 
soil and the fraction available to plants, and (b) between the total content found 
in plants and the fraction necessary for normal growth. Drake, Sieling, and 
Scarseth (3), in a study of boron behavior in which Turkish tobacco was grown 
on Norfolk sand in a greenhouse experiment, suggested the possibility of using 
the ratio of the calcium to boron in the plants as a guide in determining the need 
of boron fertilization. 

This paper reports further investigation dealing with the calcium-boron bal- 
ances in several crops as related to the boron needs. 

PLAN OF INVESTIGATION 

Alfalfa, oats, and tobacco were groTO on Crosby silt loam in greenhouse pot 
experiments in the usual manner. The pots were glazed 2-gallon crocks. 

The treatments, indicated in the tables and graphs, were designed to give plants 
that would indicate response or toxicity to boron and indicate the effect of the 
addition of calcium carbonate. The analysis of the soil used is shown in table 
1. The quantity of lime needed to obtain the desired pH values was determined 
as suggested by Naftel (11) . The boron analyses were determined by the method 
of Berger and Truog (1). 

KESTJLTS 

Effect of varying lime and borax applications on growth and composition of alfalfa 

The Crosby soil was treated as shown in table 2 and planted with inoculated 
Grimm alfalfa. Two weeks after emergence, the alfalfa was thinned to five 
plants per pot. No definite signs of boron deficiency or toxicity were shown on 
any of the treatments by the three crops of alfalfa grown, but the plants receiving 
no lime and fertilizers were decidedly less vigorous than those from the treated 

1 Journal Number 119 of the Purdue University Agricultural Experiment Station, 
Lafayette, Indiana. 

* Assistant chemist and chief in agronomy, respectively. 
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TABLE 1 

Chemical analysis of Crosby silt loam used in greenhouse pot studies with boron, 
Lafayette, Indiana, 194-1 

Acre weight of soil calculated at 2,000,000 pounds 


CHEMICAL ANALYSIS 

SAMPLE 

SAMPLE 2* 

1-7' 

deep 

13-20' 

deep 

29-30' 

deep 

0-7' 

deep 

13-20' 

deep 

26-36' 

deep 

pH........ 


6.6 

6.1 

8.3 

5.6 

5.0 

8.1 

Total B.. 

. . .p.p.m. 

51.0 

48.0 

49.0 

50.0 

47.0 

46.0 

Available B 

. . .p.p.m. 

0.20 

0.30 

0.35 

0.20 

0.20 

0.20 

Total N 

..V)s./A. 

1952.0 

1138.0 

758.0 

1802.0 

1050.0 

810.0 

Total PsOs 

..lbs./ A, 

1232.0 

791.0 1 

1600.0 

1407.0 

865.0 

1252.0 

Available PaOs, at pH 3.0. . . 

..lbs./ A. 

5.7 

5.3 

0.7 

7.1 

2.1 

1.2 

Exchangeable CaO 

...lbs./ A. 

3037.0 

7484.0 

10842.0 

2235.0 

4875.0 

11012.0 

Exchangeable MgO 

...lbs./ A. 

789.0 

3615.0 

3114.0 

580.0 

2459.0 

3212.0 

Exchangeable K 2 O 

...Ibs./A. 

106.0 

231.0 

81.0 

95.0 

235.0 

102.0 

Total Mn 

...lbs./ A. 

2880.0 

1562.0 

1388.0 

4160.0 

834.0 

1786.0 


* Sample 1 is the soil from which the surface layer was taken for the greenhouse experi- 
ments. Sample 2 is from an adjacent field. 
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TABLE 2 

Yields of alfalfa from Crosby silt loam in the greenhouse where lime and boron were 

the variable factors 

Yields in oven-dry weight per pot, 5 plants 


TREATMENT 

NUMBER 

TREATMENT* 

pH OF SOILf 

ALFALFA YIELDS 

Crop 1 

Crop 2 

Crops 




gm. 

gm. 

gm. 

1 

Untreated 

5.6 

2.1 

3.8 

4.1 

2 

NPK 

5.6 

4.9 

7.3 

7.9 

3 

NPKL 

6.6 

6.4 

8.0 

8.4 

4 

NPK2L 

1 

7.6 

6.4 

8.3 

8.5 

5 

NPKL + B ' 

6.7 

6.0 

7.5 

7.6 

6 

NPKL 4- 2B 

6.5 

5.7 

7.9 

8.6 

7 

NPKL +3B 

6.6 

6.5 

7.8 

8.6 

8 

NPK2L+ B 

7.6 

6.7 

8.2 

7.6 


NPK2L + 2B 

7.7 

6.9 

7.9 

8.3 

10 

NPK2L4-3B 

7.7 

6.6 

7.8 

9.3 


* NPK = Nitrate of soda, 20 per cent superphosphate, and muriate of potash added in 
adequate amounts as indicated by tissue tests. 

L = 1800 pounds calcium carbonate per acre 
2L = 4000 pounds calcium carbonate per acre 
B - 10 pounds borax per acre 

2B = 25 pounds borax per acre 

3B ~ 50 pounds borax per acre 

t pH determinations on soil were made 48 days after addition of treatments . 
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pots. ‘ The growth of the alfalfa was not so good on the unlimed pots with a pH 
of 5.6 as on the limed soil with a pH of 6.6 and 7.6. Varying the borax applica- 
tions in the two series of limed pots produced no definite changes in the yield. 

The variations in the contents of calcium and boron as a result of the treatment 
were not great, as shown in table 3. The variations are most evident when 
expressed as a ratio betvreen the calcium and boron. This ratio becomes lower 
as the applications of borax increase. The figures also show that the ratio was 
consistently higher with the highest pH values resulting from the lime 
application. 

Since there was no evidence of boron deficiency or boron toxicity in the yields 
and, no synmptoms of deficiency or toxicity, the conclusion is reached that the 


TABLE 3 

Calcium and boron content of alfalfa from greenhouse studies on Crosby silt loam where 
lime and boron were the variable factors 


TREAT- 

MENT 

NUMBER 

TREATMENT* 

CROP 1 

CROP 2 

CROP 3 

Ca 

B 

Ratio 

Ca/B 

Ca 

B 

Ratio 

Ca/B 

Ca 

B 

Ratio 

Ca/B 




p.pM. 


p,p.m. 

p.p.m. 


p,pM. 

p.p.m. 


1 

Untreated 

17,200 

63 

273 

14,000 

45 

311 

14,500 

59 

246 

2 

NPK 

13,700 

36 

380 

12,600 

42t 

276 

11,200 

38t 

266 

3 

NPKL 

14,900 

40 

372 

13,500 

38 

355 

13,600 

35 

389 

4 1 

NPK2L 

17,600 

30 

587 

14,400 

29 

497 

16,200 

30 

537 

5 

NPKL -H B 

14,400 

63 

229 

12,100 

78 

155 

12,400 

77 

161 

6 

NPKL +2B 

16,200 

67 

242 

13,900 

95 

146 

13,000 

107 

121 

7 

NPKL -f3B 

15,100 

104 

145 

12,600 

121t 

104 

14,400 

183 

80 

8 

NPK2L-h B 

16,100 

46 

350 

14,400 

51 

247 ‘ 

14,200 

67 

212 

9 

NPK2L + 2B 

16,600 

59 

281 

13,100 

99 

132 

14,300 

112 

128 

10 

NPK2L + 3B 

17,400 

87 

200 

14,600 

118 

124 

14,800 

145 

102 


* See footnote table 2. 

t Average analyses from two pots only. All other values shown are averages from 
triplicates. 


calcium-boron ratio between 80 and 587 represents a range in which no deficien- 
cies or toxicities will occur with alfalfa on this soil. These data indicate that 
relatively high quantities of borax can be added to heavily limed soils without 
danger of toxicity to alfalfa. The yield was not reduced by liming to pH 7.6, 
where the alfalfa was grown without borax. This indicates that boron defi- 
ciency may not be expected where the calcium-boron ratio is approximately 600. 
Because of the limited data this is not conclusive, and further tests should be 
made. 

When borax was added to the soil at rates from 10 to 50 pounds per acre the 
amount of boron taken in by the plant increased in rough proportion to the 
amount of borax applied. When the soil was limed, how^ever, less boron was 
taken up at the higher pH values for each increment of borax addition than at the 
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lower pH values. This may indicate some influence of the excess calcium 
upon the availability of the boron in the soil 

TABLE 4 


Yields and chemical analyses of oats grown on Crosby silt loam in the greenhouse with 
various fertilizer treatments 


TWEATMENT 

TREATMENT* 

pH OF SOILt 

DRY WEIGHT 
OF PLANTS t 

PLANT ANALYSIS 

NTUMBES 

Ca 

B 

Ratio Ca/B 

1 

Untreated 

6.3 

gm. 

1.4 

p.p.m. 

7,800 

p.p.m. 

20 

390 

2 

L 

7.3 

1.7 

8,900 

17 

524 

3 

NKL 

7.0 

1.5 

9,700 

19 

510 

4 

PKL 

7.0 

3.8 

11,700 

15 

780 

5 

NPL 

•7.0 

5.1 

11,300 

20 

565 

6 

NPK 

6.0 

7.4 

8,600 

20 

430 

7 

NPK 4- B 

5.9 

6.5 

8,500 

50 

170 

8 

NPK + 2B 

6.0 

1 7.0 

7,300 

97 

78 

9 

NPK + 3B 

5.8 

7.5 

7,600 

317 

24 

10 

NPK + 4B 

5.8 

6.0 

7,000 

4004- 

18§ 

11 

NPK + 5B 

5.7 

4.6 

6,800 

4004- 

17§ 

12 

NPKL 

7.1 

6.2 

9,400 

17 

553 

13 

NPKL + B 

7.1 

6.0 

9,500 

24 

400 

14 

NPKL +2B 

7.0 

5.9 

9,500 

54 

176 

15 

NPKL +3B 

7.0 

6.3 

8,400 

155 

59 

16 

NPKL +4B 

7.0 

6.5 

7,600 

395 

19 

17 

NPKL +5B 

7.0 

6.4 

7,300 

4004- 

18§ 

18 

NPK2L+ B 

8.2 

6.8 

11,300 

22 

514 

19 

NPK2L + 2B 

8.2 

6.6 

12,400 

44 

282 

20 

NPK2L 4- 3B 

8.0 

6.9 

11,400 

85 

134 

21 

NPK2L + 4B 

8.2 

6.2 

10,500 

355 

30 

22 

NPK2L 4- 5B 

8.2 

6.3 

11,500 

4004- 

28§ 


* NPK = Ammonium sulfate, nitrate of soda, 20 per cent superphosphate, and muriate 
of potash added in adequate amounts as checked by tissue tests. 

L « 1700 pounds calcium carbonate per acre 
2L « 6000 pounds calcium carbonate per acre 
B— 10 pounds borax per acre 
2B — 25 pounds borax per acre 

3B =* 50 pounds borax per acre 

4B 100 pounds borax per acre 
5B = 200 pounds borax per acre 

t pH determinations were made 72 days after application of treatments. 
t Yields represent averages of duplicates for treatments. Chemical analyses are from 
this material, 

§ The ratios in these cases are lower than the figures indicate. 

Effect of varying lime and borax applications on growth and composition of oats 

Following the experiment with the alfalfa, oats were grown on soil taken from 
the same field. The treatments, yields, and calcium-boron analyses are shown 
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in table 4. Between the time of taking the soil for the alfalfa and that for the 
oats the field had been limed with 900 pounds of ground limestone per acre. 

When the oat plants started to head, they were harvested for dry weight 
determinations and chemical analysis. 

Within 3 days after the plants emerged, all those growing on the soil receiving 
25 or more pounds of borax per acre showed boron-toxicity symptoms, which 

TABLE 5 


Yields and chemical analyses of tobacco grown on Crosby silt loam in the greenhouse 
with various fertilizer treatments 


TREATMENT 

TREATMENT* 

pH OE son-t 

DRY WEIGHT 
OE ELANTSj 

PLANT ANALYSISt 



Ca 

B 

Ratio Ca/B 

1 

None 

6.2 

gm. 

1.2 

p.pjn, 

31,100 

p.p.m. 

23 

1,481 

2 

L 

7.2 

1.9 

31,100 

25 

1,382 

3 

NKL 

7.0 

1.2 

30,800 

20 

1,502 

4 

PEL 

7.1 

4.9 

29,000 

21 

1,381 

5 

NPL 

7.3 

9.6 

31,200 

i 22 

1,387 

6 

NPK 

5.7 

13.6 1 

34,700 

22 

1,542 

7 

NPK + B 

5.7 

10.0 

23,200 

23 

1,009 

8 

NPK + 2B 

5.7 

9.5 

27,100 

91 

300 

9 

NPK + 3B 

5.8 

7.3 

32,200 i 

176 i 

183 

10 

NPKL 

7.2 

9.3 

33,800 

20 

1,690 

11 

NPKL + B 

7.1 

10.1 

29,100 

18 

1,617 

12 

NPKL -f2B 

6.9 

10.4 

31,900 

35 

911 

13 

NPKL 4-3B 

7.1 

9.4 

29,000 

88 

330 

14 

NPK2L+ B 

7.8 

7.8 

39,000 

22 

1,733 

15 

NPK2L + 2B 

8.2 

8.6 

42,300 

32 

1,302 

16 

NPK2L + 3B 

8.0 

6.4 

41,700 

44 

948 


* NPK = Ammonium sulfate, nitrate of soda, 20 per cent superphosphate, and muriate 
of potash added in adequate amounts as checked by tissue tests, 

L = 1700 pounds calcium carbonate per acre 
2L = 5000 pounds calcium carbonate per acre 
B = 15 pounds borax per acre 

2B == 50 pounds borax per acre 

3B — 100 pounds borax per acre 

t pH determinations were made 72 days after application of treatments. 
t Each value represents an average of duplicates. 

were manifested by a dying of the leaf tips. Where 200 pounds of borax per acre 
was used without lime about half of the leaf tissue was destroyed, but where the 
higher application of lime was used the injury was less severe. 

The calcium-boron ratios exhibit the same general trend in response to addi- 
tions of lime or varying amounts of borax to the soil as those of the alfalfa. When 
the ratio was lower than 200, however, the plants showed boron toxicity. The 
lower the ratio from this value, the greater was the toxic effect. At a ratio of 
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approximately 600, the plants were healthy, indicating that boron deficiency 
would not occur until this ratio was higher. 

Effect of varying lime and borax applications on growth and composition of tobacco 

Simultaneously with the oat experiment, tobacco was grown on a similar soil. 
The treatment of the soil, the yield, and the composition of the plants with re- 
spect to calcium and boron are shown in table 5. 

Three tobacco seedlings were transplanted to each pot. At first the growth 
was slow and no boron-toxicity symptoms were noticed. The seedlings, how- 
ever, did not become established on the soils treated with 200 pounds of borax 
per acre despite repeated transplantings. Where as little as 15 pounds of borax 
was used without lime, the yield was slightly reduced. This seems to indicate 
the sensitive nature of tobacco toward borax. 

The calcium-boron ratios for the various treatments indicate that when the 
ratio was less than 1200 the plants were injured by the borax. The lower the 
ratio from this value, the greater w^'as the toxic effect. In all cases where the 
ratio was above 1200 the plants were healthy. The yield varied, but as a func- 
tion of the major nutrient factors. 

In an earlier investigation (3) with tobacco the optimum calcium-boron ratio 
appeared to be approximately 1200. In that investigation, when the ratio was 
1500 to 2100 the tobacco plants showed marked boron-deficiency symptoms. 
This indicates that the boundary between boron deficiency and the optimum 
ratio would lie somewhere between 1200 and 1500, although at a ratio of 1700 
in this investigation boron-deficiency symptoms were not noted. 

DISCXJSSION 

Reeve and Shive (16) found that as corn and tomato plants absorb increasing 
quantities of potassium, increasing quantities of boron are absorbed, and that 
the greatest boron toxicity occurred at the highest potassium level. Since the 
concentration of potassium in plant tissues tends to be reciprocal to that of 
calcium, the high levels of potassium would be associated with a low intake of 
calcium (7). Thus, the ratio of calcium to boron would be lower for the particu- 
lar plant, and the toxic effect would be related more directly to the calcium and 
only in a secondary sense to the potassium. 

Marsh (8) compared the calcium and boron content of two dicots — ^tobacco 
and faba beans — ^with that of two monocots — corn and oats — ^under varying 
levels of boron and calcium in sand culture where the other nutrients were ade- 
quate. When the calcium-boron ratios of his data are calculated, the relation- 
ships as shown in figure 1 are revealed. With ' ‘deficient boron and optimum 
calcium’' very high ratios are obtained. It is interesting to note that with “defi- 
cient boron” and “deficient calcium” as well as with “optimum boron and opti- 
mum calcium” the ratios are very similar within each group of plants. In the 
case of the monocots our interpretation would suggest with the “deficient boron 
and deficient calcium” the boron was adequate at the level of performance by the 
plant and that the calcium was the principal functional determinate. The ^‘toxic 
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boron-optimum calcium’^ and ^^optimum boron-deficient calcium” plants have 
ratios that approach the border line between healthy and toxic plants in our own 
investigations. With the ‘^optimum boron-deficient calcium” plants, the ques- 
tion arises as to whether or not this was actually a case of toxic boron instead of 
^^optimum boron.” In the dicots, similar relationships appear to exist but at 
different levels from those of the monocots. The zone of hachuring on figure 1 
indicates the boxmdary between toxic and healthy plants for oats and tobacco 
as found in the investigations reported here. 

The data by Marsh indicate that the calcium-boron ratio can be criticised as an 
indication of boron needs on the basis that it does not tell whether sufficient 



Fig. 1. Calcium-Boron Ratios opMonocots and Dicots from Experiments Conducted 

BY Marsh (8) 

The hachured area indicates the approximate limit of boron toxicity 


calcium and boron are present for optimum growth even though they are in the 
proper proportion. It is apparent that the ratio alone does not indicate whether 
the low ratio is caused by a deficiency of calcium or a toxicity of boron. A 
knowledge of the requirement of plants for calcium and boron, however, should 
make it possible to explain questions arising from the above condition. 

An effort was made to find data in the literature that could be plotted to deter- ] 
mine whether any relationship existed between the yield and the calcium-boron 
ratio in various crops where deficient, optimum, and toxic conditions existed. 
Data for sugar beets (2), soybeans (10), and tobacco (3) were found and are 
plotted in figure 2. These curves are very limited in their value, yet they indi- ! 
cate that plants have a considerable range of tolerance for either deficiency or I 
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excess of available boron in the soils before yields are greatly affected. Once 
this elastic limit is exceeded the 3delds are materially decreased and the entire 
plant may die. 

This research indicates that a number of soil and plant factors are of impor- 
tance in the application of the calcium-boron ratio. The importance of the 
proper balance of calcium to boron, both in quantity and proportion, cannot be 



Reld,five Y/eids 

Fig. 2. Comparison op the Calcium-Boron Ratios op Sugar Beets, Soybeans, and 
Tobacco with Relative Yields on a Number of Different Soils as Re- 
ported BY Various Workers 

Data for the ratios and yields for the sugar beets were taken from Cook and Millar (2) 
for the soybeans from Muhr (10); and for the tobacco from Drake, Sieling, and Scarseth 
(3) and from Jones (6) . 

overemphasized. The factors which affect this balance must be taken into 
consideration in interpreting any condition in the dynamic-soil relationships. 
These investigations suggest that it may prove valuable to obtain more analyses 
on the calcium-boron ratio over a wide range of soils, climates, and fertility for 
the different kinds of plants. A quantity of such data would have valuable prac- 
tical application in predicting the boron needs from the analysis of the plant. 
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SUMMARY 

A study was made of several Indiana farm crops in greenhouse pot experiments 
where borax was added in varying amounts to limed and unlimed soils. The 
crops were analyzed for calcium and boron. It was found that plants will take 
up varying quantities of calcium and boron depending upon the availability of 
these elements in the soil. From plant analyses it appears that each plant has a 
specific need for calcium and boron, but the range varies greatly for different 
kinds of crops. The plant will make a normal growth only when a certain balance 
in the intake of calcium and boron exists. If this balance is upset by a small 
intake of calcium, such as occurs on acid soils, the plant will have a very low 
tolerance for boron. On strongly acid soils that contain a small quantity of 
available calcium, small additions of borax applied to the soil may cause boron 
injury to the plant. 

On soils of the humid region that have a very high calcium content such as 
alkaline or overlimed soils, the plants require more boron than on the acid soils. 
On such alkaline soils the balance in the calcium and boron relationship tends 
to be upset because of the excess calcium the plants have absorbed. On over- 
limed Indiana soils, the plant may require more boron than is available. 

Boron can be added in larger quantities on alkaline or limed soil without caus- 
ing any injury or toxic effect than when added to acid soils. In practice, this 
means that farmers should be advised to be on the lookout for boron starvation 
particularly on overlimed or alkaline soils and should be careful not to add over- 
doses of borax to acid soils where it may cause injury if added in too high 
quantities. 

The ideal balance between calcium and boron for tobacco appears to be about 
1200 of calcium to 1 of boron; this ratio is in terms of equivalent weights of the 
two elements. For soybeans the ratio of calcium to boron is about 500 and for 
sugar beets about 100. It appears that this information will be helpful in pre- 
dicting where more boron is needed as well as to indicate where the application 
of boron to soils may cause injury. 
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Since publication of our first report ( 1 ) on the quinalizarin method for the de- 
termination of boron in soils and plants, certain improvements in the procedure 
have been made. The primary purpose of the present paper is to describe these. 
A brief review of the pertinent literature which has appeared since the first report 
is also given. 

McHargue et ah (4, 5, 6 , 7) have carried on extensive investigations dealing 
vdth the advantages and precision of the quinalizarin, titration, curcumin, and 
spectroscopic methods for the determination of boron in soils and plant materials. 
In a recent publication ( 6 ) they report that the quinalizarin method gives satis- 
factory results for the determination of boron in plant materials. When the 
results were compared with those obtained by means of spectrographic analyses, 
good correlation was obtained. Also ( 8 ), carbonate fusion followed by use of 
quinalizarin colorimetric procedure, essentially as described by Berger and Truog 
( 1 ), is said to appear to be the most convenient routine method for the determina- 
tion of total boron in soils. Results obtained with the quinalizarin procedure 
compared more favorably with those of the official method than did the results 
with the Naftel curcumin (turmeric) procedure (9). 

De Turk and Olson (3) report that the titration procedure (11) apparently does 
not always give satisfactory results with small amounts of boron. 

Maunsell ( 8 ) reports satisfactory results when the quinalizarin procedure is 
used to determine small quantities of boron in soils and plant materials. 

PKEPARATION OP REAGENTS FOR QUINALIZARIN PROCEDURE 

Following our first report (1) it was found to be convenient and also conducive 
to accuracy to dissolve the quinalizarin directly in 98 per cent by weight H 2 SO 4 . 
Previously, separate solutions of 98.5 per cent by weight H 2 SO 4 and quinalizarin 
in 98.5 per cent by weight H2SO4 were employed. The use of 10 cc. of the com- 
bination reagent with 1 cc. of test solution produces the same final concentration 
of acid and quinalizarin in the test solution as was obtained formerly with the 
separate reagents. The combination reagent is simpler to prepare than the two, 
requires only one storage vessel with protective and dispensing accessories, and 
contributes to accuracy in measuring the amount of reagent needed per test. It 

1 Contribution from the department of soils, Agricultural Experiment Station, Univer- 
sity of Wisconsin. Published with the permission of the director of the Wisconsin Agri- 
cultural Experiment Station. This work was supported in part by a fellowship grant from 
the American Potash Institute, Inc- 

2 Assistant professor and professor of soils, respectively. The authors are indebted to 
Frank Graham, assistant in soils, for help in connection with analyses. 

■ 25 . 
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is noted that McHargue and Hodgkiss (5, 6 , 7) have been using a similar combina- 

tion reagent for some time. 

QuinaUzarin-sulfunc acid solution— 9S per cent by weight H 2 SO 4 containing 5 
mgm. of qninalizarin per liter. Although the strength of the sulfuric acid in this 
solution may vary from 97.5 to 98.5 per cent by weight, it is very important to 
keep it within these limits for small amounts of boron, and this requires accurate 
work in its preparation and great care in its use and storage. The acid is pre- 
pared by mixing ordinary c.p. concentrated sulfuric acid with fuming sulfuric 
acid. To facilitate the calculations involved in determining the proportion of 
each to be mixed, strengths are expressed in terms of sulfur trioxide rather 
than sulfuric acid. Accordingly, the desired 98 per cent sulfuric acid becomes 
80.0 per cent sulfur trioxide. The proportion of each to be mixed varies, of 
course, with the strengths of the acids. The concentrated acid usually contains 
about 95 per cent of sulfuric acid by weight; and the fuming, 20 to 30 per cent of 
free sulfur trioxide. The exact strength must be determined for each lot used, 
because the variation is often great enough to cause serious errors. This is done 
by weighing out 2 gm. or more of the acid in a 25-cc. weighing bottle, and after 
diluting, titrating with 1.0 N sodium hydroxide. In the case of the concentrated 
sulfuric acid, the weighing bottle with contents is placed in a beaker of water, 
and, after mixing, the acid is titrated. In the case of the fuming acid, the weigh- 
ing bottle containing the acid is dropped into a second 100 -cc. weighing bottle 
containing about 30 cc. of water. As the bottle is dropped, the cover of the 25-cc. 
bottle is removed, and then the cover of the larger bottle is quickly replaced. 
After standing overnight or until fuming has entirely ceased, the two weighing 
bottles with covers removed are placed in a liter beaker containing 300 to 400 cc. 
of 'water. It is advisable to place the cover of the larger bottle in the beaker also, 
to prevent any loss of acid which might be on the cover. After mixing, the acid 
is titrated. The strengths in terms of sulfur trioxide are then calculated by means 
of the following formula: 


cc. NaOH titration X normality X 0.04003 
weight of concentrated or fuming H 2 SO 4 


X 100 = percentage by weight of SO 3 in each case 


After the strengths of the acids have been determined in terms of sulfur tri ox- 
ide, the proportion of each to be mixed to make 100 gm. of 98 per cent sulfuric 
acid, which contains 80.0 per cent of sulfur trioxide, is calculated as follows: 

Let a; = grams of concentrated sulfuric acid needed 
100 — a; — grams of fuming sulfuric acid needed 

a = strength of concentrated sulfuric acid in terms of sulfur trioxide expressed 
decimally 

h = strength of fuming sulfuric acid in terms of sulfur trioxide expressed 
decimally. 

Then, ax + 5(100 — rc) = 80.0 and oj is solved for. 

For example: Strength of concentrated sulfuric acid found by titration was 
77.78 per cent sulfur trioxide. Strength of fuming sulfuric acid found by titra- 
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tion was 87.41 per cent sulfur trioxide. Substituting these values in the formula 
above and solving for x, there is obtained: 

0.7778a; + 0.8741(100 - x) ^ 80.0 
0.0963a; - 7.41 

X = 76.9 gm., amount of concentrated acid needed 
100 — 76.9 = 23.1 gm. of fuming acid needed in making 100 gm. of 
desired mixture containing 98.0 per cent H 2 SO 4 . 

To each liter of 98 per cent sulfuric acid, add 5 mgm. of quinalizarin and mix 
thoroughly to dissolve. Store in a tightly stoppered glass bottle to prevent 
change in acid concentration, or better, in accordance with the apparatus illus- 



Fig. 1. Apparatus for Storing and Delivering Quinalizarin-Sulfuric Acid Solution 
so AS TO Prevent Absorption of Water from the Air 

A, Tube containing anhydrous CaCl 2 ; B, Bottle containing 98 per cent by weight H 2 SO 4 ; 
C, Bottle containing quinalizarin-sulfuric acid solution; and Z>, Suction flask. To fill 
burette, apply suction at D and release lower and upper clamps. To dispense solution from 
burette, release middle clamp. 

trated in figure 1, which obviates contact with moist air during storage and 
facilitates accurate dispensing. 

Sulfuric acid, approximately 0.36 N. Dilute 5 cc. of 95 to 96 per cent by weight 
sulfuric acid to 500 cc. with distilled water. 

Sulfuric acid, approximately 4 N. Dilute 50 cc. of 95 to 96 per cent by weight 
sulfuric acid to 450 cc. with distilled water. 

Calcium hydroxide, saturated solution. Add 5 to 10 gm. of calcium hydroxide 
to 500 cc. of distilled water. Shake well and allow to settle. 

Potassium carbonate solution. Dissolve 40 gm. of anhydrous potassium car- 
bonate in 100 cc. of distilled water. Five drops of this contain about 0.1 gm. 
of potassium carbonate. 

Standard boric acid solutions. Dissolve 2.8578 gm. of boric acid in 1000 cc. of 


28 


K. C. BEEGEE AND EMIL TEITOG 


distUled water. This solution contains 0.5 mgm. of boron per cubic centimeter 
and serves as the primary (A) base stock solution. Prepare a second (B) stock 
solution containing 0.01 mgm. of boron per cubic centimeter by diluting 20 cc. of 
the primary base stock solution to 1000 cc. with distilled water, and a third (C) 
stock solution containing 0.001 mgm. of boron per cubic centimeter by diluting 
100 cc. of the second stock solution to 1000 cc. 



Fig. 2. Photoelectric Colorimeter Eeadings and Curves Obtained in the 
Quin ALIZARIN Procedure with Filters and Amounts of Boron Indicated 

USE OF PHOTOELECTRIC COLORIMETER 

Although the color comparisons of unknown test solutions with standard color 
solutions can be made very satisfactorily by visual observation, it was deemed 
desirable to investigate the use of a photoelectric colorimeter for this purpose. 
Olson and De Turk (10), and McHargue and Hodgkiss (6, 7) have used photo- 
electric colorimeters in this connection. In the present investigation an Evel3m 
photoelectric colorimeter was employed. 

Selection of filter 

In test solutions to which known amounts of boron were added, the color pro- 
duced on adding quinalizarin was developed in the regular way as described under 
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analytical procedure. Colorimeter readings were then made with the filters and 
standard boron concentrations indicated in figure 2. It will be noted that filter 
620 (595 to 660 m/x transmittance) gives the greatest range in scale readings, and 
this filter was accordingly used in subsequent work. 



Fig. 3. Standard Curve for Use in the Quinalizarin Procedure at a Temperature op 
25°C., with a 620ju5 Filter, and Giving Amounts op Boron Present 
WHEN Photoelectric Colorimeter Readings Are as Indicated 

Standard curve for use with 620 filter 

By means of standard color solutions as before, a curve for use with filter 620 
was prepared, the zero point being set at a scale reading of 95. A smooth curve 
representing a wide range of scale readings for a limited range of boron concentra- 
tions was obtained (fig. 3). Because of slight changes in acid concentration and 
colorimeter adjustments from time to time, it is necessary to check the standard 
curve frequently and make a new one if necessary. 
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Selection of colorimeter comparison tubes 

For holding the test solutions in the Evelyn colorimeter, selected ordinary 
7-inch by 7 / 8 -inch test tubes are used. Obviously for boron determinations these 
tubes must be made of boron-free glass. The high refractive index of the con- 
centrated H 2 SO 4 test solution tends to magnify greatly the influence on light 
transmittance of any small defects or scratches on the comparison tubes. It was 
found that the best method of selecting a satisfactory set of comparison tubes is 
to place about 15 cc. of the test solution (the solution of previous tests may be 
used) in each tube and determine the scale readings of the colorimeter for each 
tube when a 620 filter is used. Tubes are then selected which give practically 
the same reading. In many cases the reading changes with a change in orienta- 
tion of the tube. If tubes showing this characteristic are to be used, it is neces- 
sary, by means of a suitable mark, to maintain the same orientation during all 
readings. Shght variations in tubes may be compensated for by using a correc- 
tion factor. All tubes should be checked frequently, because any slight scratch- 
ing or marring that results from handling may seriously influence the transmission 
of light. The outside of the tubes should be perfectly clean and relatively free 
of condensed moisture when readings are made. 

INFLUENCE OF TEIUPERATURE ON SHADE OF COLOR 

Olson and De Turk (10) have investigated the influence of temperature on the 
shade of color produced in the quinalizarin reaction with boron. They noted a 
considerable color change in the temperature range of 65 to 90°F., and indicate 
that control is desirable. Maunsell ( 8 ) found that the final color is the same after 
cooling, regardless of the temperature of the solution when the quinalizarin is 
added. 

To obtain more information regarding the influence of temperature on the 
shade of color produced, readings were taken of test solutions containing dif- 
ferent amounts of boron and the regular amounts of acid and quinalizarin 
given under analyi:ical procedure, at four temperatures, 0 , 25, 50, and 85°C. 
The results obtained are given in figure 4. It will be noted that the readings are 
influenced greatly by the temperature, and that a smooth curve is obtained at 
any temperature in the range represented, provided this temperature is main- 
tained throughout a set of readings. 

It should be explained that quinalizarin dissolved in strong H 2 SO 4 gives a 
reddish color/and on reacting with boric acid under these conditions, the color 
changes toward blue. Also, the bluer the test solution, the lower is the colori- 
meter reading when a 620 filter is used. It will be noted that a more intense blue 
color was obtained with the lower temperatures. This, however, does not neces- 
sarily mean that the reaction between the quinalizarin and boric acid is not com- 
plete at the higher temperatures, but rather that there is less distortion of the 
large quinalizarin-boric acid molecule by the strong sulfuric acid, inasmuch as it 
is believed that the color change arising from boric acid is due to an increased 
distortion of the quinalizarin-boric acid molecule over that of the quinalizarin 
molecule itself . 
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It is to be noted further that the lower the temperature, the greater is the range 
of colorimeter readings in going from low to higher concentrations of boron. 
Because moisture condenses on the comparison tubes w^hen the temperature is 
markedly below^ room temperature, it is not convenient to operate at tempera- 
tures much below the ordinary room temperature. Since a temperature of 25°C. 
gives a satisfactory range and is convenient, it was decided to make subsequent 
readings at this temperature. 

Previously the influence of temperature in this connection was not understood, 
and directions were given to allow the test solution to stand for at least 15 min- 
utes after adding the reagents, in order to obtain full color development. It is 



KlcrogramB of boron 


Fig. 4. Influence of Temperature on Photoelectric Colorimeter Readings in 
Quinalizarin Procedure foe Boron 

now known that the color develops as soon as the test solution is cooled to the 
desired temperature. 

ANALYTICAL PROCEDURES 

Preparation of color standards for visual comparison 

Transfer varying amounts of the stock solution B (for 0.001-0.0025 mgm. of 
boron) and C (for 0.000-0.001 mgm. of boron) to boron-free test tubes or glass 
vials. Glass vials approximately 20 by 100 mm. are convenient and satisfactory 
for this purpose. For the correct concentration of acid when the color is devel- 
oped, it is necessary to have exactly 1 cc. of boric acid solution in each vial. This 
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is done conveniently by dispensing the boron stock solutions from burettes, and 
then adding water from another burette to bring the volume to 1 cc. in each case. 
Next, add 10 cc. of the quinalizarin-sulfuric acid solution. Stopper the vials, 
cool to 25°C., after which the standards are ready for use. These colors are 
permanent as long as the vials are kept stoppered to prevent absorption of water. 

Determination of available boron in soils 

Most of the available boron in soils is undoubtedly water-soluble. It was 
found that when a known amount of soluble boron in the form of boric acid was 
added to several soils free of water-soluble boron, and the soils were then dried, 
the added boron could be completely recovered by adding water, boiling for 5 
minutes, and then filtering. The addition of hot water followed by shaking for 
30 minutes and then filtering did not result in complete recovery. Complete 
recovery may be effected by extraction with dilute acid. This procedure, how- 
ever, raises complications when calcareous soils are encountered, because of the 
difficulty of regulating the acidity. Furthermore, tests made with acid extrac- 
tions of calcareous soils indicated that the results thus obtained often do not 
correlate well with crop indications of the boron status. After numerous tests, 
refluxing of the soil-water suspension for 5 minutes appeared to be the best pro- 
cedure. More boron w^as extracted by refluxing for 5 to 10 minutes than either 
for shorter or for longer periods. By boiling wdth a reflux condenser, the volume 
remains constant, and thus an aliquot is taken more easily later. The details of 
the analytical procedure finally adopted follow. 

It was previously shown (2) that the results thus obtained correlate well with 
plant response to boron fertilization. De Turk and Olson (3) indicate that water- 
soluble boron is a fairly reliable measure of the available boron content of soils. 

Place a 20-gm. sample of the soil (air-dried and 20-meshed) in a 125-cc. 
Florence flask (boron-free glass), add 40 cc. of distilled water, and then attach a 
reflux condenser- Boil for 5 minutes, disconnect the condenser, and filter the 
suspension with suction on a Buchner funnel or centrifuge until the supernatant 
liquid is clear. Clarification may be facihtated by adding not more than 0.05 
gm. CaCh *21120. Place 20 cc. of the clear extract in a platinum dish and add 5 
drops of the K 2 CO 3 solution, or place in a porcelain crucible and add 2 cc. of a 
saturated solution of Ca(OH) 2 . Evaporate to dryness and ignite gently to de- 
stroy nitrates and all organic matter. After cooling, add 5 cc. of the approxi- 
mately 0.36 N H 2 SO 4 and triturate thoroughly with a policeman. Filter through 
9-cm. paper; by means of a 1-cc. pipette, place exactly 1 cc. of the filtrate in a 
comparison tube; and by means of the burette and dispensing apparatus illus- 
trated in figure 1, add exactly 10 cc. of the quinalizarin-sulfuric acid solution. 
Stopper the tube and mix thoroughly by whirling gentljr. Cool to the desired 
temperature, and determine the boron content by comparison with a set of 
standards or by means of the photoelectric colorimeter. The final visual com- 
parison is best made by removing the stoppers momentarily from the tubes and 
making a vertical observation against a white background, as is usually done in 
colorimetric comparisons. 
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Comparison of qxdnalizarin and curcumin procedures for available horon in soils 

The curcumin colorimetric test for boron has been used extensively for many 
years, and recently Naftel (9), who gives references to the early literature, applied 
this test in a procedure which he developed for the deterinination of small 
amounts of boron in soil and plant extracts. McHargue and Hodgkiss ( 7 ) have 
compared this procedure with other procedures and have concluded that the 
quinalizarin procedure is to be preferred because of rather wide variations in 
results obtained at times with curcumin. 

For comparison, the curcumin and the quinalizarin procedures were applied to 
test solutions obtained in the determination of available boron in soils. The 
curcumin color development procedure was carried out as directed by Naftel ( 9 ), 
and filter number 540 was used in the Evelyn colorimeter. The results obtained 
are given in table 1. It will be noted that the curcumin procedure, photoelectric 
comparison, gives practically the same results as the quinalizarin procedure. 


TABLE 1 

Comparison of results obtained for available boron in soils with the curcumin and quinalizarin 
colorimetric procedures and precision of visual and photoelectric readings 
in the quinalizarin procedure 

Results in parts per million 


AVAILABLE BOXON IN SOILS 


KIND OP SOIL 

Curcumin procedure 

Quinalizarin procedure 

Photoelectric comparison 

Visual comparison 

Photoelectric comparison 


A 

B 

C 

D 

Ave. 

A 

B 1 

C 

D 

Ave. 

A 

B 

C 

D 

Ave. 

1 

Plainfield sand . , 

0.26 

0.21 

0,26 

0.20 

0.23 

0.225 

0.225 

0.20 

0.225 

0.22 

0.22 

0.22 

0.20 

0.20 

0.21 

Miami silt loam. 

0.70 

0.72 

0.63 

0.53 

0.64 

0.60 

0.65 

0.60 

0.60 

0.61 

0.60 

0.67 

0.58 

0.63 

0.64 

Clyde silt loam . . 

1.48 

1.22 

1.22 

1.35 

1.32 

1.30 

1.30 

1.30 

1.40 

1.33 

1.50 

1.50 

1.42 

1.28 

1.43 

Antigo silt loam . 

1.30 

1.40 

1.28 

1.30 

1.32 

1.30 I 

1 

1.20 

1.40 

1.40 

1.33 

I 1 . 5 O 

1.39 

1.32 

1.28 

1.37 


The curcumin procedure has the following advantages: preparation and storage 
of a strong acid are obviated; difficulties encountered in using strong H 2 SO 4 , par- 
ticularly in the photoelectric comparison, are eliminated; and a somewhat wider 
working range of boron concentrations is possible. The advantages of the quin- 
alizarin procedure are as follows: much less manipulation is needed in filtration, 
washing, and evaporation, and hence, considerable time and labor are saved; 
and results are more uniformly accurate because of lessened manipulation. 

It will be noted in the data of table 1 that results obtained by visual compari- 
son in the quinalizarin procedure show somewhat less variation than those ob- 
tained by either procedure using photoelectric comparison. General experience 
indicates that after some practice, color comparisons in the quinalizarin procedure 
can be made visually with an accuracy equalling or surpassing those possible with 
the photoelectric colorimeter, provided the operator is a good judge of color 
shades and intensities. 
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Determination of total boron in soils 

The procedure for total boron in soils has not been changed materially from 
that given in the original report (1). McHargue and Hodgkiss (7), using essen- 
tially this procedure, report satisfactory results in the determination of total 
boron in soils. 

In determining the total boron content of soils by means of the fusion method, 
it is necessary to use a high proportion of sodium carbonate to soil. Treatment 
of the melt obtained with water alone will bring all the boron into solution, but 
the method is inconvenient because of its slowness and the large quantity of water 
required. Addition of sulfuric acid to the w^ater, so that the final reaction of the 
solution falls within the pH range of 5.5 to 6, hastens the disintegration of the 
melt and leaves most of the sesquioxides and silica in insoluble form. Addition of 
alcohol up to 60 to 70 per cent by volume at this point serves to throw down most 
of the large amount of sodium suKate that has been formed. This leaves all the 
boron and only a small amount of salts in solution. After the final evaporation, 
ignition is necessary because of the small amount of nonvolatile organic matter 
usually introduced with the alcohol. 

Fuse 0.5 gm. of soil with 3 gm. of anhydrous sodium carbonate in a platinum 
crucible. Cool and place the crucible in a 250-cc. beaker containing about 50 cc. 
of distilled water. Place a cover glass on the beaker and add approximately 4 N 
sulfuric acid from time to time until the melt has disintegrated and the solution 
has a reaction in the range of pH 5.5 to 6.0. Transfer the resulting solution to a 
500-cc. volumetric flask. Wash the beaker and crucible several times vith dis- 
tilled water and add the washings to the flask. The total volume of solution now 
should not exceed 150 cc. Add methyl or ethyl alcohol to the flask until a volume 
of 500 cc. is reached, and mix the contents thoroughly. Filter the solution or 
centrifuge until the supernatant liquid is clear. 

Place a 400-cc. aliquot of the clear solution in a 500-cc. beaker (boron-free 
glass) and add 100 to 150 cc. of distilled water to prevent subsequent precipita- 
tion. Add potassium carbonate until the solution is alkaline, evaporate to a 
small volume, and transfer to a platinum dish. Evaporate to dryness and ignite 
just enough to destroy organic matter. After cooling, add 4 cc. of approximately 
0.36 N sulfuric acid, and triturate thoroughly with a policeman. Place a 1-cc. 
aliquot of this solution in a comparison tube, add 10 cc. of the quinalizarin- 
sulfuric acid solution, stopper the tube, and mix thoroughly by whirling gently. 
Cool to the desired temperature and then make color readings. 

Determination of total boron in plant materials 

It was previously shown (1) that it is not necessary to add a base to the plant 
material to prevent loss of boron during ashing. McHargue and Hodgkiss (6) 
say that the use of a base to prevent loss of boron during ashing at a temperature 
of 450*^0. is not necessary. 

Place a 0.25- to 0.50-gm. sample of plant material (oven-dried and ground) in 
a platinum crucible or porcelain evaporating dish and ignite gently to a white or 
gray ash. After cooling, add 5 cc. of approximately 0.36 A sulfuric acid and 
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triturate with a policeman. After filtering, place 1 cc. of the clear filtrate in a 
comparison tube, add 10 cc. of the quinalizarin-sulfuric acid solution, stopper the 
tube, and mix thoroughly by whirling gently. Cool to the desired temperature 
and then make color readings. 

PRECAUTIONS 

Since many chemicals commonly used contain appreciable amounts of boron, 

^ , it is essential that all chemicals used in the determination of boron be tested for 

J # freedom from this element. Pyrex glass contains about 1 1 per cent of boric oxide 

and may cause serious contamination if used in this determination. All liquid 
reagents should be stored in containers made of boron-free glass. Common soft- 
glass bottles are usually satisfactory. 

Great care must be exercised in measuring the 1-cc. aliquot of the unknown to 
which are added the reagents for color development, because an error of 1 drop 
in this measurement may cause an error of from 5 to 10 per cent in the final result 
through its influence on the final acid concentration in the mixture. In the 
quinalizarin procedure, contact of the quinalizarin-sulfuric acid solution with 
§■ ;♦ moist air should be scrupulously avoided both before and after the reagent is dis- 
pensed. 

SUMMARY 

The quinalizarin color reaction for the determination of boron in various mate- 
rials is giving satisfactory results and has come into general use. Improvements 
made in the procedure since the first report on the method include the use of a 
combination quinalizarin-sulfuric acid solution and special equipment for storing 
and dispensing this reagent. It has been found that the color reaction is virtu- 
ally instantaneous, and that the color readings can be made as soon as the test 
^ % solution containing the color reagent has been cooled to room temperature. 

Use of a photoelectric colorimeter for making the color readings has proved to 
be satisfactory when proper precautions are taken in the selection and care of 
, colorimeter tubes for holding the test solution. Visual readings by means of 

^ comparator tubes give equally satisfactory results. 

i Detailed directions are given for the application of the quinalizarin reaction to 

the determination of the available boron of soils extracted with boiling water, 
total boron of soils brought into solution by fusion with sodium carbonate and 
treatment with w^'eak acid, and the total boron of plant materials brought into 
^ solution by ashing and extraction with dilute acid. 

I The procedure involving use of quinalizarin was compared with a procedure 

involving use of curcumin for development of color. Both gave equally satisfac- 
tory results. The former is less laborious and more expeditious, whereas the 
latter has the advantage of using reagents that are more easily prepared and 
handled. 
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Since boric acid is such a weak acid, the borates undergo considerable hydrol- 
ysis, and their aqueous solutions are always alkaline. The salts precipitated 
from aqueous solutions are not normal salts, since boric acid gives up only one 
hydrogen ion, and they are derived from ortho, meta, and tetraboric acid in a 
way which cannot be anticipated (5). The condensation of orthoboric acid is 
brought about by the elimination of water and is favored by a high concentration 
of hydroxyl ions. If suitable cations are present, they may replace hydrogen 
atoms of the weakly dissociated metabolic acid, and one of the condensed borates 
results. 

In a soil there may exist an equilibrium mixture of several ionic species, ortho- 
borates which are relatively unstable in aqueous solution, metaborates, and 
tetraborates. This equilibrium continuously shifts because of fluctuations in 
moisture content, pH, and quantity and nature of bases. Low soil moisture, 
high pH, and a high concentration of cations, particularly calcium, all tend to 
accentuate boron deficiency in plants. The same conditions tend to favor the 
formation of condensed borates. It is known that in its solid phase the acid 
radical of calcium metaborate is an endless chain of BO 3 groups, whereas the acid 
radical of sodium and of potassium metaborate is smaller and of discrete size. 
Whenever calcium (or magnesium) is the predominating cation, boron absorption 
by plants is reduced to a greater degree than it is when sodium or potassium is 
abundant. These relationships suggest that the condensed metaborates may be 
important as sources of boron to plants and that the different effects of calcium 
and of sodium or potassium may in some way be related to the chemical behavior 
of their metaborates, which differ markedly in the solid phases. It was the pur- 
pose of this investigation to study the chemical behavior of the metaborates of 
calcium, sodium, and potassium in aqueous solution with reference to ultimate 
absorption and utilization of boron by plants. 

1 Part of a thesis presented by the senior author to the Graduate School at Cornell 
University in partial fulfillment of the requirements for the degree of doctor of philosophy. 

2 pormerly research fellow in soils and formerly soil technologist, Cornell University, 
respectively; now associate agronomist and head of department of agronomy, respectively, 
North Carolina Agricultural Experiment Station. The senior author wishes to express 
appreciation to the American Potash Institute, Inc., for providing the fellowship funds 
which made the study possible. Appreciation is also expressed to Richard Bradfield for 
helpful suggestions throughout this investigation. 
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REVIEW OF LITERATURE 

By means of x-ray studies it has been shown that the acid radical in calcium metaborate 
(CaB204) is an endless chain of linked BO3 groups running through the crystal (21) . The 
boron atom is surrounded by three oxygen atoms and occupies the center of an equilateral 
triangle. Two of these oxygen atoms are shared with other BO3 groups and in this way 
endless chains of (B02)« groups are built up. The chains are linked laterally with calcium 
atoms, each of which is surrounded by eight oxygen atoms. The anion may be as long as 
the crystal itself. It can be considered to be in a ‘‘condensed” state. 

In contrast to this type of structure, the acid radical of potassium metaborate (KsBsOe) 
is of discrete size consisting of three atoms of boron and six of oxygen (23). Each boron 
atom is linked with three oxygen atoms forming a nearly equilateral triangle. The BO3 
triangles are linked together to form (BsOe)”"^ radicals, and all nine atoms lie in the same 
plane. 

The crystal structure of sodium metaborate (NagBsOe) is similar to that of potassium met- 
aborate described above (15) . Sodium is substituted isomorphically for potassium, making 
the case somewhat rare from the standpoint of differences between the sodium and potas- 
sium atoms. Both can be considered to be in a “condensed” state. 

Boric acid contains layers of B(OH)3 molecules held together by hydrogen bonds (22). 
Each oxygen forms two hydrogen bonds and these are coplanar with the BO3 groups. Or- 
thoboric acid is condensed by the elimination of water. 

Polymerization of the metaborate groups has taken place rather than a reduction of the 
coordination number of boron from three to two. Condensation is favored by the elimina- 
tion of water and by a high concentration of hydroxyl ions, since oxygen bridges will be 
formed and hydrogen atoms eliminated. If calcium ions are abundant they may replace 
hydrogen ions of the slightly dissociated metaboric acid and form giant radicals of in- 
finite length. If sodium or potassium ions are abundant, they may replace the hydrogen 
ions and form radicals of discrete size. The conditions that favor the formation of metabo- 
rates from boric acid are, therefore, a high concentration of hydroxyl ions, low moisture, 
and the presence of suitable cations. 

In soil media it has been shown that a high concentration of calcium and/or magnesium 
causes a reduction in the absorption of boron by plants whenever the pH is high (3, 9, 10, 
11, 13, 14, 19). On the other hand, boron absorption is interfered with to a lesser extent 
by the presence of sodium or potassium ions (3, 10, 19). These relationships have been 
established by greenhouse and field experiments where chemical analyses of plant tissue 
and observations of deficiency and toxicity symptoms have been used as criteria. 

It has been observed repeatedly® that low soil moisture tends to cause a reduction in 
boron absorption by plants (16, 20). 

The effect of the four cations upon the absorption of boron by plants in sand cultures is 
not well understood. Fewer experiments on this phase of the problem have been reported, 
and the results are not so consistent. Drake, Sieling, and Scarseth (4) observed no effect 
of varying the calcium concentration on the uptake of boron by corn or tobacco from sand 
cultures at different pH values. Midgley and Dunklee (9) reported that the minimum 
lethal dose of boron for flax grown in washed quartz sand was approximately 20 pounds boric 
acid per acre whether calcium carbonate was present or not. They contrasted this behavior 
to the beneficial effects of lime in overcoming toxicity of excess boric acid added to soils. 
Ferguson and Wright (6) found a rather significant difference between equal concentrations 
of boron from sodium and calcium borates. They grew turnips in sand and found that 
roots in the sodium borate cultures were healthy, whereas about 50 per cent of those in the 
calcium borate cultures showed evidence of boron deficiency. 

® Lorenz, 0. A. 1941 A study of internal breakdown of garden beets with special refer- 
ence to boron-cation relationships. [Unpublished thesis. Copy on file Cornell Univer- 
sity Library, Ithaca, N. Y,] 
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In evaluating the biological literature with reference to the known facts regarding boric 
acid and the metaborates of calcium, potassium, and sodium, the following facts become 
apparent: 

Under conditions of high pH and low moisture, the formation of ^'condensed’’ borates is 
favored. 

Whenever calcium ions are present in a high concentration in a soil medium, the forma- 
tion of a condensed metaborate with an endless chain-like structure is favored, and under 
these conditions boron absorption by plants is greatly reduced. 

Whenever sodium or potassium ions are present in high concentrations in a soil medium, 
the formation of condensed metaborates the molecules of which are of discrete size is fa- 
vored, and under these conditions boron absorption is interfered with to a lesser degree. 

EXPERIMENTAL 

Specific conductivity determinations 

The purpose of this experiment was to determine the ionic conductance of the 
boron-containing anion in each of the compounds named above. The general 
plan was to determine equivalent conductances at infinite dilution and to apply 
Kohlrausch’s law to calculate the ionic conductances of the anions by extra- 
polation, The ionic conductances of the cations at infinite dilution are known, 
of course, with considerable accuracy. By using this method of approach it was 
thought possible to determine whether or not a highly polymerized molecule 
existed in the calcium metaborate solution. 

Since the salts precipitated from aqueous solution are not normal salts, crystals 
obtained from a fused mass were obtained for preparing the metaborate solutions. 
Solid calcium metaborate was prepared according to the method used by Zacha- 
riasen ( 21 ). A mixture of 1 CaO and 1 B 2 O 3 was heated in a platinum crucible, 
and the melt was swirled several times before removal from the furnace. Needle- 
shaped crystals several millimeters long were formed. Refractive indexes were 
found to agree with the values of calcium metaborate given by Winchell (18, 
p. 214). 

Two melts were made. Throughout this paper these are referred to as CaB 204 , 
A, and CaB 204 , B. Approximately 15 gm. of the crystals were placed in a pjaraf- 
fined bottle containing approximately 500 ml. conductivity water. The solutions 
were shaken occasionally for 48 hours and allowed to stand for 72 hours. The 
supernatant liquid was then siphoned off, diluted with 20 to 25 ml. water! land 
analyzed for calcium. The ratio of calcium to boron was according to thllfor- 
mula, CaB 204 . Dilutions were made on the basis of calcium determinalibns 
until the concentration was either 1/256 or 1/512 molar, depending uponjhe 
concentration of the analyzed solution. 

The melts for solutions A and B were made January 7. An insufScient volfce 
of solution was prepared, however, and on January 28 the solids with applUii- 
mately 25 ml. water were transferred to 2-liter paraffined acid bottles. Asi^e 
same time two additional melts were prepared, and in the manner alreadt*- 
scribed the four new solutions were made exactly 1/256 or 1/512 molar. iWe 
new solutions prepared from the old melts are referred to in this paper as CdIM. 
A', and CaB 204 , B', and those from the new melts as CaB 204 , C, and CaB»CMM. 
They were stored in tightly stoppered paraffined bottles for later use. 
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'^Magnesium metaborate” crystals were prepared by melting magnesium oxide 
and boric acid according to the formula MgB204. Aqueous solutions prepared 
from the melt did not contain boron and magnesium in this ratio . In view of this 
behavior and lack of specific information on crystal structure and means of 
identifying magnesium metaborate when prepared under these conditions, data 
were not obtained on these solutions. 

Crystals of sodium metaborate were prepared by melting sodium carbonate and 
boric acid in quantities corresponding to NaB02. Optical properties of this 
compound were examined and found to agree with those reported by Cole, 
Scholes, and Ambert (1). Solutions 1/16 molar with respect to sodium were 
prepared by dissolving the solid directly. The two solutions were referred to as 
NasBsOe, A, and NasBsOe, B. 

Crystals of potassium metaborate were prepared in a manner identical to that 
described for the corresponding sodium compound. The optical properties were 
likewise examined, and the solutions are referred to as K3B3O6, A, and K3B3O6, B. 

The sodium tetraborate solution was prepared from c. p. salt recrystallized 
three times from conductivity water. The solid was dried to expel all water, and 
a solution 1/16 molar was made by direct weighing. 

Specific resistances were determined upon aqueous solutions of these salts at 
25°C. zb 0.02® by means of a Jones conductivity bridge.^ The conductivity 
water was redistilled from an alkaline permanganate solution and had a specific 
conductance of not more than 1.6 X lO*”® mho. Water corrections were made 
to all conductance measurements. Determinations of pH were made on the 
solutions by means of the glass electrode. Specific conductances were calcu- 
lated and the conductance due to the various cations was added to that from the 
hydroxyl ions and the remainder was considered to be due to the boron-containing 
anion. This value at the most dilute concentration was used as a basis for cal- 
culating the ionic conductance .of the boron-containing anion. Cumulative 
errors are naturally expressed in this value. 

The results for the sodium metaborate, sodium tetraborate, and potassium 
metaborate solutions are presented in figure 1 and in table 1. They show that 
the value obtained for the ionic conductance for the boron-containing anion is 
essentially the same for all three salts, around 33 , This agrees with the literature 
value of the H2BO3 anion® and lends support to the belief that in the ionized form, 
boron exists as H2BO3' in aqueous solutions of sodium tetraborate, sodium and 
potassium metaborates. Apparently the solutions were stable, for the conduct- 
ance values did not change with time as indicated by the agreement between 
determinations made on January 21 and May 28. 

4 Appreciation is expressed to J. G. Kirkwood, department of chemistry, Cornell Uni- 
versity, for the use of the Jones conductivity bridge. 

5 Gmelin-Meyer, Handbuch (Bor), p. 86 , gives 36.8 at 25“ for HaBOrCfrom H3BO3). I.C. 

T., VI, p. 260, gives 32.8 at 18“ for H 2 BO 3 - 

Landholt Bornstein 5 Aufiage II, p. 1089, gives 36.8 for H 2 BO 3 - at 25“ from Na 2 B 407 (V = 
1024), 39.0 from Na 2 B 204 (V = 1024). 

Jones (Mellor, V, p. 73) gives 31.9 at 25“ (V = 4096) from Na 2 B 407 . 

Lunden {Jour. Chim. Phys. 5: 574, 1907) gives at infinite dilution and at 25“C., 32.7 for 

HaBOj- from NH 4 H 2 BO 3 and 37.9 for HaBOa*- from NaHaBOa. 
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The results for the calcium metaborate solutions are presented in figure 1 and 
in table 2. The equivalent conductance data show that at the higher concentra- 
tions, aqueous solutions of calcium metaborate are relatively poorer conductors 
than the sodium or potassium metaborates. Greater ionic strength of the cal- 
cium metaborate solutions or greater polymerization at higher concentration 
may account for this behavior. In all cases the value for the ionic conductance 
of the boron-carrying anion is lower than the literature value of H 2 BOF or the 
value obtained above from sodium and potassium borates. The low values for 
solution A obtained on January 21 cannot be explained. 

Instability of the system is shown by the lowering of conductance with time, 
and a lowering of pH toward neutrality. This may represent a gradual ^^aging’^ 



0 5 10 15 20 25 0 5 {0 


X 100 GRAM EQUIVALENTS PER LITER 
Fig. 1. Equivalent Conductance Values foe Four Borates 

process in which the equilibrium between the several possible ionic species is 
changing. Polymerization is suggested by the poor and changing conductance. 

The possibility of an effect from carbon dioxide contamination is not removed, 
however, for the solutions were not kept in a C02-free atmosphere. The water 
used in their preparation was C 02 “free at the beginning, and the bottles were 
kept tightly stoppered. They were opened not more than five or six times during 
the entire storage period. In pure carbonate systems at Johnston and 

Williamson (7) have shown that the minimum concentration of calcium ions 
occurs at a carbon dioxide concentration approximately tot that of the air and 
produces a concentration of 1.46 X lO"^ moles per liter, which is approximately 
■xV that of solutions A' and C (1/512 molar). Solutions B and D are twice this 
concentration and if poorer conductance were due to precipitated carbonate, it 
would seem a greater effect should occur in the more concentrated soln- 
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tion where the possibility of exceeding the solubility product is greater. As 
shown in table 2, however, this was not found to be true. During the storage 
period the conductance of solutions B' and D decreased no more than those of 
solutions A' and C, which were only half as concentrated. 

TABLE 1 


Conductance data on two sodium metahoratej one sodium tetraborate^ and two potassium 
metaborate solutions at 25^ C. 


LITERS 

CONTAINING 

1 GM. 

EQUIVALENT 

SPECIFIC CONDUCT- 
ANCE, MHOS X 105 

pH A 
AND B 

OH- 

NORMAI^ 

ITY 

X105 

SPECinC CONDUCTANCE, 

MHOS X 10® ESOM 

IONIC CONDUCTANCE 
OF BORON-CON- 
TAINING ANION 

Soln. A 

Soln. B 

Na+ 

(orK:+) 

OH- 

Boron anion 

A 

B 

A 

B 

NaaBjOe 

1/21 

1/21 

4/11 








16 

430.53 










32 

230.94 










64 

122.70 










128 

65.75 










256 

33.83 

33.90 

9.95 

8.91 







512 

18.12 

17.70 

9.87 

7.41 







1024 

9.18 

9.25 

9.73 

5.37 







2048 

4.73 

4.87 

9.58 

3.80 

2.43 

0.74 

1.56 

1.70 

31.9 

34.8 

4096 

2.45 

2.59 

9.37 

2.35 

1.22 

0.46 

0.77 

0.91 

31.6 

37.3 



5/28 

6/11 








16 


430.37 

10.47 








128 


64.37 

10.22 








1024 


9.25 

9.78 








]Sra2B407 

1/21 


4/11 








1024 

8.06 


8.80 

0.63 

2.43 

0.12 

1.48 


30.3 


2048 

4.24 


8.60 

0.40 

1.22 

0.08 

0.82 


33.6 


KaBaOa 

1/21 

1/21 

4/11 








16 

583.00 

586.20 









256 

43.67 

44,22 

10.06 








612 

22.60 

22.92 

9,93 








1024 

11.62 

11.82 

9.78 








2048 

5.95 

5.90 

9.61 

4.07 

3.57 

0.80 

1.58 

1.53 

32,4 

31.3 

4096 

3.08 

3,08 

9.39 

2.45 

1.79 

0.48 

0.81 

0,81 

33,2 

33.2 


5/28 

5/28 

6/11 








16 


586.11 

10.57 








128 


84.71 

10.23 








1024 


11.79 

9.69 









Electrodialysis of aqueous solutions of calcium j sodium^ and potassium metahorates 

The purpose of this experiment was to determine whether or not there was any 
difference in the behavior of the metabofates with respect to the quantity of 
boron caused to pass through a membrane under the influence of a given quantity 
of electricity . Aqueous solutions of sodium, potassium, and calcium metaborates 
in 100-ml. quantities, each containing 100 p,p,m. B, were placed successively in 
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the middle compartment of a three-compartment Bradfield cell. A current of 
approximately 0.02 ampere was caused to pass for approximately 30 minutes, the 
exact quantity of electrical current being measured by means of a silver coulo- 
meter in the circuit. Immediately after the current was turned off, the solution 

TABLE 2 


Conductance data on four calcium metahorate solutions at 


LITERS 

CONTAIN- 

STECIEIC CONDUCTANCE, 
MHOS X 105 


OH" 

SPECIFIC CONDUCTANCE, 

MHOS X 10® EROM 

IONIC CONDUCTANCE 

OF BORON-CONTAINING 

EQUIV- 

ALENT 





pH 

MALITY 

X 106 


OH” 

Boron anion 

ANION 


CaB204 

Data obtained 1/21 



u 

rtiM 


A' 

B' 

C 

D 

A' 


C 

D 


A 

B 



4/11 












128 

13.20 

56.30 















266 

6.76 

31.50 















512 

3.65 

17.00 















1024 

1.87 

9.18 















2048 

1.01 

4.98 



9.56 

3.36 

2.98 

0.71 


1.29 




26.4 


[ 


Data obtained 4/22 




i 










A' 

B' 

C 

D 













128 


54.95 


55.22 

10.17 












256 

30.67 

30.34 

29.41 

30.44 

10.11 












512 

16.53 

16.49 

15.98 

16.54 

9.93 












1024 

8.90 

8.93 

8.60 

8.84 

9.75 








i 




2048 

4.83 

4.85 

4.64 

4.81 

9.56 

3.63 

2.98 

0.71 

1.14 

1.16 

0.95 

1.12 

23.2 

23.8 

19.5 

22.9 


Data obtained S/28 

6/11 













A' 

B' 

C 

D 













128 


48.93 


48.33 

9.69 












256 

21.73 

26.86 

25.54 

26.56 

9.57* 












512 

11.70 

14.56 

13.71 

14.35 

9.55 












1024 

6.20 

7.79 

7.36 

7.67 

9.46 












2048 

3.27 

4.10 

3.90 

4.08 

> 9.34 

2.19 

2.98 

0.43 


0.69 

0.49 

0.67 


14.1 

10.0 

13.7 

4096 

1.68 

2.12 

2.01 

2.11 

9.20 

1.59 

1.49 

0.31 


0.32 

0.21 

0.31 


13.1 

8.6 

12.7 

8192 

0.84 

: 1.10 

1.06 

1.09 

1 8.85 

0.71 

0.74 

0.12 


0.24 

j0.20[0.23 


19.7 

16.418,8 


* The pH values for solution A' for tins dilution and for the five following were: 9.45, 
9.38, 9.27, 9.26, 9.00, and 8.84. 


remaining in the middle compartment was siphoned off. Anolyte and catholyte 
compartments were analyzed for boron by the turmeric method (12). 

The results are presented in table 3. They show that boron migrates as part 
of an anion at somewhat different rates for the three salts but that its behavior 
is not markedly different. There is no evidence of reversed electrolysis, qualita- 
tive tests for sodium, potassium, and calcium showing that these ions were present 
in their respective catholytes only. 
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Solubility of calcium metaborate 

The purpose of this experitneut was to study the effect of time and the amount 
of solid phase present on the solubility of calcium metaborate. 

A concentration of 650 p.p.m. B was obtained by allowing 30 to 40 gm. solid 
calcium metaborate to remain in contact with approximately 100 ml. water for 
6 months. On the other hand, difficulty was encountered on several occasions 
when an attempt was made to dissolve, over a period of 30 days, a quantity of 
calcium metaborate calculated to give about one-tenth this concentration. This 
suggested that the solubility of calcium metaborate was influenced by the amount 
of solid phase present and by the time of contact. 

TABLE 3 


Boron migration through a cellophane membrane during the electrodialysis of aqueous 
solutions of sodium^ potassium, and calcium metaborates containing 100 p-p.m, B 


SALT 

CUEKENT PASSED 

TOTAL B POITND 

B PER COULOMB POUND 

Anoiyte 

Catholyte 

Anoiyte 

Catholyte 


coulombs 

T 

7 

T 

T 

NajB,0« 

37.4 

70 

2 

1.8 

0.1 


39.9 

86 

Tr 

2.2 

Tr 


32.8 

88 

Tr 

2.7 

Tr 

Average 




2.2 

I 

KjBjOc 

33.6 

115 

7 

3.4 

0.2 


31.4 

122 

6 

3.9 

0.2 


36.2 

130 1 

3 

3.6 

0.1 


38.6 

135 

2 

3.5 

0.1 

Average 




3.6 


CaB204 

36.8 

83 

6 

2.3 

0.2 


36.6 

100 

Tr 

2.7 

Tr 


35.2 

99 

Tr 

2.7 

Tr 

Average 




2.6 

( 


To a series of 500-ml. glass-stoppered bottles, iSnely ground calcium metaborate 
prepared from fusion as described earlier in this report was added in amounts to 
give solutions containing approximately 2, 1, |, and \ gm. per liter. The exact 
quantities were selected so concentrations in terms of liters containing 1 gram- 
molecular weight of CaB 204 were: 64, 128, 256, and 512. 

The bottles were shaken at intervals for several days, an attempt being made 
to keep the shaking treatments comparable but not necessarily to dissolve the 
maximum possible under these conditions . The solutions were allowed to settle 
for at least 12 hours before 2-ml. aliquots were taken for analysis at the end of 4 
days and 9 days. The 2-ml. aliquots were analyzed for boron by the turmeric 
method. For the final analyses after 41 days, larger aliquots were taken and 
analyzed by the mannitol titration method (17) . The results presented in figure 
2 show the amount of boron in solution at the end of the three time intervals in 
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relation to the maximum concentrations which could be derived from the various 
quantities of solid phase. 

The results show that the amount of boron in the supernatant liquid depends 
upon the amount of excess solid phase and the time of contact. The dissolving 
of calcium metaborate is not in accordance with true solubility behavior. Some 
very slow reaction is apparently taking place in the system, and this may be 
similar in nature to that knowm to occur in calcium metaphosphate systems (8). 
Hydrolysis is likely a factor and there is no insurance that true solubility alone 
was being measured. The “aging” effect as showm by conductivity measure- 
ments may be related to a similar phenomenon. 



Fig. 2. Solubility of Calcium Metaborate as a Function of Time and the Amount 

OF Solid Phase Added 

Whatever the mechanism is, it seems probable that the slow dissolving rate of 
calcium metaborate is responsible for reductions in boron absorption by a plant 
whenever a soil medium undergoes pronounced fluctuations in moisture. Since 
the supply of boron to a plant must be continuous, it is conceivable that boron de- 
ficiency could be induced even if the water-soluble boron content of the soil were 
relatively high. 

Absorption of boron hy plants in water cultures 

The purpose of this experiment was to determine whether or not boron was 
absorbed by the sunflower plant at equal rates from equivalent concentrations of 
aqueous solutions of calcium, sodium, and potassium metaborates and boric 
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acid. Sunflower seeds of a giant Russian variety were germinated in washed 
quartz sand. When they were 5 days old they were transplanted to bottles 
filled with 500 ml. complete nutrient solution which w^as 0.0180 molar with respect 
to KH 2 PO 4 , 0.0052 molar to Ca(N 03 ) 2 , and 0.0150 molar to MgS 04 . Five milli- 
liters of a stock solution containing 0.20 gm. MnCl 2 * 4 H 20 , 0.10 gm. ZnCb, and 
0.02 gm. CuGh - 21-120 was added per liter of nutrient solution. Boric acid was 
added to the nutrient solution to supply 0.01 p.p.m. B. One milliliter of a stock 
solution containing 5 gm. ferric tartrate per liter was added to each culture sepa- 
rately every 2 or 3 days. 

The plants were allowed to grow in this solution for 9 days, or until the first 
indications of boron deficiency became apparent. At this time, the fourteenth 
day, differential boron treatments were begun. Solutions of boric acid and of 
sodium, potassium, and calcium metaborates were made up to supply the follow- 
ing concentrations of boron from each source: 0.01, 0.02, 0.10, 1.0, and 5.0 p.p.m. 
B. The sodium and potassium metaborate solutions were prepared by diluting 
the stronger solutions which had been made up from the melts as described. 
The calcium metaborate solution designated as 4 was prepared by making dilu- 
tions on the stronger solution made from melt “D”. The ^'calcium metaborate’’ 
solution designated as 5 was prepared by adding a boric acid solution to Oa(OH )2 
to give calcium and boron, according to the formula, CaB 204 . A set of four 
plants from one of the uniformly treated cultures was transfexTed to each of the 
different boron solutions after the roots were carefully washed off with distilled 
water. The exact time of each transfer was recorded. The cultures were run 
in duplicate. 

During the 4-hour absorption period (June 8 ) the plants were placed outside 
the greenhouse, the first transfers being made at 2:00 p.m. A strong breeze was 
blowing, the temperature fluctuated between 70 and 80°F., and the relative 
humidity was around 50 per cent. Light intensity was 9,000 foot-candles at 
2:00 p.m., and 7,000 at 6:30 p.m. At the end of the 4-hour absorption period 
the two older pairs of leaves were cut from one plant in each culture. They were 
approximately 2 to 2 | inches long and were taken from plants the newest leaves 
of which were 5 -fc .5 inches above the top of the container. The leaves were 
dried at 70°C. for 48 hours, and boron determinations were made by the turmeric 
method ( 12 ). Samplings were made after 18 hours and 42 hours in a similar 
manner. From the fourth through the eighteenth hour the plants were placed 
in the darkened headhouse with a temperature of 70 to SO^'F., and a relative 
humidity which fluctuated between 50 and 70 per cent. From the eighteenth 
through the forty-second hour they were in the greenhouse, where the tempera- 
ture varied between 65 and 85T. and the relative humidity from 30 to 60 per 
cent. Light intensity reached a maximum of 7,000 foot-candles during this 
period. 

The results of this investigation are presented in figure 3, A measurable 
quantity of boron was absorbed from all cultures during the 4 -hour absorption 
period. The concentration of boron in the plants growing in the 0.01 p.p.m. B 
cultures nearly doubled, whereas that in the plants growing in the 5.0 p.p.m. B 
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cultures increased approximately fivefold. The low-concentration plants did not 
gain much more boron in the following 14 hours, but the plants in the 5.0 p.p.m. 
B cultures had increased their original boron contents to around thirteenfold or 
fourteenfold. These data show that the amount of boron absorbed by the sun- 
flower from aqueous solutions of boric acid and of several metaborates is directly 
related to the concentration of boron in the medium and to the time of absorption, 
not to the salt which furnishes it. 



Fig. 3. Absorption of Boron, by Sunflowers, from Aqueous Solutions op Several 

Compounds 

The concentration of boron in comparable leaves prior to treatment was 3 p.p.m. B. 
1. boric acid; 2. sodium metaborate; 3. potassium metaborate; 4. calcium metaborate 
(from fused salt); 5. “calcium metaborate’’ (from calcium hydroxide and boric acid). 

Absorption of boron by plants in sand cultures 

The purpose of this experiment was to determine whether or not aqueous solu- 
tions of the metaborates of sodium, potassium, and calcium were as good a source 
of boron for sunflowers in a sand medium as was boric acid. The general plan 
was to grow sunflowers in sand to which boron from each of the sources was 
added in insuflicient quantities for normal growth (0.25 p.p.m. B, weight basis) 
and in excess quantities (2.05 p.p.m. B, weight basis). The criterion of boron 
absorption was the appearance of boron deficiency or toxicity symptoms. The 
age of the culture at the time each of four plants first showed the symptoms was 
recorded and used as a measure of the degree of injury from either condition. 

Details of procedure and results of the investigation are presented elsewhere 
(2) . It was found that regardless of the source of boron, the deficiency symptoms 
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appeared when the cultures were about 25 days old and the toxicity symptoms at 
about the twentieth day. The effects of high cation concentrations upon boron 
absorption under these conditions were not determined. 

SUMMARY 

A study of aqueous solutions of calcium, sodium, and potassium metaborates 
and of sodium tetraborate was made in pure chemical systems and in relation 
to absorption of boron by plants. 

Specific conductance determinations were made on increasingly dilute solu- 
tions of these compounds, and from these data the ionic conductance of the boron- 
carrying anion was calculated. For the sodium and potassium salts this value 
was around 33 , which corresponds with the literature value for the H 2 BO 3 anion. 
For the calcium salt this value was lower and the system was unstable as indi- 
cated by a gradual lowering of the conductance values and of pH tow^ards neutral- 
ity. A fundamental difference between the behavior of aqueous solutions of 
calcium metaborate and sodium or potassium metaborates is shown by these 
measurements. 

Aqueous solutions of these metaborates were electrodialyzed through cello- 
phane membranes, and it was found that boron migrates as part of an anion at 
somewhat different rates for the three salts but that its behavior is not markedly 
different. There was no evidence of reversed electrolysis. 

Studies on the solubility of calcium metaborate showed that the amount of 
boron in the supernatant liquid depends upon the amount of excess solid phase 
present and the time of contact. Concentrations of 650 p.p.m. B were obtain- 
able when an excess of 30 to 40 gm. was in contact with approximately 100 ml. 
water for 6 months. On the other hand, with periodic shaking, not all of the 
0.2455 gm. CaB 204 per liter (42,3 p.p.m. B) dissolved in 41 days. The dissolving 
of calcium metaborate is not in accordance with true solubility behavior. Some 
very slow reaction is apparently taking place within the system, a concept sup- 
ported by the slow “aging” effect as discovered by conductivity measurements. 
Hydrolysis of a nature similar to that known to occur in calcium metaphosphate 
systems may be a factor of importance in aqueous solutions of calcium meta- 
borate. The slow dissolving rate of calcium metaborate undoubtedly has consid- 
erable practical significance. 

In a water culture experiment with the sunflower, a study of the absorption of 
boron from aqueous solutions of boric acid and of calcium, sodium, and potassium 
metaborates was made. The results showed that the amount of boron absorbed 
by the plant was related to the concentration of boron in the substrate and to the 
time of absorption and not to the salt which furnished it. 

In sand cultures to which 0.25 p.p.m. B was added from solutions of boric acid 
and of calcium, sodium, and potassium metaborates, it was found that boron- 
deficiency symptoms appeared when the cultures were about 25 days old, regard- 
less of the source of boron. To a comparable series, 2.05 p.p.m. B was added, 
and it was found that toxicity symptoms appeared after approximately 20 days, 
regardless of the source of boron. 
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The absorption of boron by plants does not depend upon its source so long as 
the water-soluble concentration is the same. 
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It has been recorded by many investigators with numerous species of plants 
that boron deficiency produces pathologic symptoms most pronouncedly in those 
regions where meristematic growth is active. The purpose of this communica- 
tion is to detail some of the histologic changes which occur as a result of boron 
deficiency. The illustrations are drawn from work which was carried out with 
the garden beet (Beta vulgaris L.) and cabbage (Brassica oleracea var. capitata L.). 

Plants used in this study were from sand cultures in which boron-starved and 
boron-supplied plants were produced and fixed at various intervals. The results 
obtained from such plants were compared with normal and boron-deficient plants 
produced under field culture. 

The beet is a plant in which a relatively unusual condition exists in the develop- 
ment of meristem, particularly in the root. Most of the enlarged storage organ 
is derived from a series of adventitious cambiums which are formed successively 
within the expanding periderm and -without the primary and secondary xylem. 
A partly grown root consists primarily of a series of rings, each consisting of an 
active cambium the cells of which normally differentiate into xylem cells on the 
side toward the center of the root and into phloem cells on the side toward the 
periphery. These rings, called “tertiary rings,’’ are youngest and normally most 
active near the periphery, slowing down in activity and increasing in amount of 
differentiated, and thus relatively fixed, tissue progressively toward the center. 

The internal breakdown associated with boron deficiency commonly follows 
the configuration of the tertiary rings. It may be most pronounced near the 
center, near the periphery, or roughly between the center and the periphery of the 
root. This is particularly true in field-grown beets where transient environal 
conditions influence the rate of growth, and presumably the availability of boron 
to the meristematic regions varies from week to week. The greatest breakdown 
occurs in the rings most active at the time boron deficiency becomes most acute. 

When boron starvation is brought about gradually in sand cultures, the pro- 
gressive effects on the histology of the plant can be studied in successive tertiary 
. rings. Long before any macroscopic evidence appears, various profound micro- 
scopic changes occur. 

One of the effects of boron starvation is that of increased cell division in the 
cambium accompanied by decreased cell differentiation. Pronounced necrosis 
is seldom the first reaction. On the contrary, increased cell metabolism is the 
most common reaction to boron starvation. Normal cell-wall differentiation, 
however, is upset, and various manifestations characteristic of pathological cell 
division due to various causes follow. When cells do not differentiate normally, 
in this case into various xylem and phloem elements, there is a tendency for cell 
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division to continue abnormally and for some cells to grow abnormally large. 
Cell -walls remain tliin, and parencli:^ana tissue increases at the expense of con- 
ductive tissue. Thus, one of the first effects of boron deficiency is to increase cell 
number and size and to decrease cell differentiation in the meristematic regions. 
The same effect may be seen in the vascular system of beet leaf petioles and later 
in the seed stem. The reduction in the normal development of conductive tissue 
leads indirectly to many of the characteristic symptoms such as leaf distortion, 
increased anthoc.yanin in leaves, stunting of growth, and reduced yield. 

It is entirely possible for these disturbances to occur during a temporary short- 
age of available boron without producing any distinctive symptoms, if the plant 
recovers in time. Even though macroscopic symptoms do not appear, growth 
may have been slowed down, however, and yield reduced. This may account 
for various reports of increased yield follo\ving boron applications when boron 
deficiency symptoms failed to appear.^ It also accounts for the common obser- 
vation that boron-deficiency s3nnptoms appear more slowly and less pronouncedly 
in slow-growing, poorly fertilized beets than in well-fertilized, actively growing 
ones. 

When beets showing definite internal brown spot are examined, it is found that 
the greatest breakdown occurs in those tertiary rings in which early differentia- 
tion of cambium cells into phloem and xylem is under way, and that correspond- 
ingly less occurs in older rings where differentiation has proceeded longer In 
other words, those meristematic regions that are most active and presumably 
need most boron are first to exhaust their diminishing available supply and 
likewise are the first to show acute s3nnptoms. 

Other effects of boron deficiency in garden beet take on various forms. Dis- 
coloration appears fii’st in a relatively few cells the protoplasts of which turn 
dark brown as they degenerate. Cell walls can be seen to turn dark in color and 
cells to collapse. Thus while cell differentiation is interrupted, groups of paren- 
chyma cells die and necrosis sets in. This again appears in the most active 
rings, and microscopic dark patches appear. Around such patches living cells 
become more active, producing a sort of wound cambium and temporarily walling 
off the dead region. If boron starvation continues, these patches become larger 
and more numerous, often involving groups of differentiated phloem or xylem. 
Eventually such areas become macroscopic, and typical internal black spot 
appears. 

In the last stages the histologic picture shows, then, first, tremendous increase 
in meristematic activity, evidenced by increase in cell number and cell size; 
second, decrease in differentiation, evidenced by reduction in xylem and phloem 
conductive tissue; and third, necrotic development in the abnormally stimulated 
parenchyma tissue followed by secondary wound reaction around necrotic patches 
and eventually merging of necrotic areas to make visible lesions. The important 

^Walker, J. C., Jolivette, J, P., and McLean, J. G. 1943 Boron deficiency in garden 
and sugar beet. Jour. Agr. Res, 66r 97-123, 

® Jolivette, J. P., and Walker, J . C. 1943 Effect of boron deficiency on the histology of 
garden beet and cabbage. Jour, Agr. Res, 66: 167-182. 
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fact, however, is that the pathologic symptoms in the form of necrosis are but the 
end result of a series of histologic changes which result from abnormal cell physiol- 
ogy and differentiation. 

The cabbage, representative of most herbaceous dicotyledonous plants, has a 
single cambium which continually lays down secondary xylem and phloem during 
the growing period in stem and root. In young plants the cambium is again that 
region most profoundly influenced by boron starvation.^’® The normal cam- 
bium is replaced by a zone of tissue much wider than the normal cambium and 
containing a much larger number of cells, thin-walled, and in many cases vari- 
ously oversized and misshapen. Correspondingly xylem and phloem differentia- 
tion is reduced in both stem and root. Patches of necrotic areas appear, but 
normally they are not so conspicuous in young cabbage stems and roots as in 
beet roots. After midseason, when the storage of reserve foods in the leafy head 
occurs, the pith of the stem grows rapidly, eventually forming the relatively thick 
“core” of the head. The growth of this stem pith involves i^apid cell division and 
cell growth. This activity coincides commonly with that part of the growing 
season when boron deficiency becomes most acute in the field, and it is the “core” 
of cabbage which shows the most pronounced boron-deficiency symptoms. Little 
or no abnormality in the roots has been found. 

In the pith, cell division and cell enlargement normally proceed without further 
differentiation, the cells remaining thin-walled repositories for storage materials. 
It is possible to observe here, then, the effect of boron starvation on a meta- 
bolically actively dividing storage tissue in which cell differentiation, such as to 
xylem and phloem in the beet root, is not normal. The chief first effect is the 
development of various-sized necrotic patches. In general, such patches consist 
of thick-walled, often dark colored, and sometimes crushed cells in the center; 
around these is a zone of abnormally large cells in which abnormal cell-wall thick- 
ening is under way; next there is a zone of rapidly dividing thin-walled cells and, 
intermingled with or next to these in an adjacent zone, cells with scalariform, 
reticulate, pitted walls quite unnatural to normal healthy pith. Such patches 
often coalesce to form a distinct black degenerate central lesion in the core of 
the head. 

To summarize, the first pathologic effects of boron deficiency are physiological 
and tend to speed up cell division and growth. Cell-wall formation and cell 
differentiation are concurrently interrupted. Necrosis follows, and the by- 
products released from dead or dying cells may also become factors influencing 
growth of surrounding cells. In vascular cambium, as in beet root, the result is a 
deficiency in conducting elements, which leads to secondary effects on plant 
growth. In storage tissue, as in cabbage pith, necrosis is accompanied by hyper- 
plasia and hypertrophy as well as abnormal differentiation into various types of 
thick-walled cells. 

A common observation in garden beets grown for canning in Wisconsin is the 
sudden appearance of internal black spot shortly before harvest. This often 

3 Walker, J. C., McLean, J. G., and Jolivette, J. P. 1941 The boron deficiency disease 
in cabbage. JouT»Agr.Res\62: B7Z-dS7, 
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occurs even though large applications of borax were applied before the crop was 
planted. Such was the case in the Green Bay area in 1942 after 60-pound appli- 
cations of borax. It was the case in the Racine-Kenosha area in 1943 where as 
high as 25 per cent of the beet roots were affected with internal black 
spot although 75 pounds of borax was broadcast with the fertilizer and thoroughly 
worked into the soil before planting. The fertilizer application in the latter 
case was liberal (1500 pounds of 3-12-12 per acre) and growth was particularly 
rapid until the roots were about half grown. A period of about four weeks with 
scarcely any rainfall followed, and growth naturally slowed down. Toward the 
end of this period and about two weeks before harvest, internal black spot ap- 
peared. It was found chiefly in the outer tertiary rings. 

It is not the purpose of this paper to attempt to explain why this liberal applica- 
tion of borax was inadequate. The picture is a relatively common one. It is 
clear, however, that the meristematic regions in the outer tertiary rings keep up 
their activity at a higher rate and for a longer time than adequate boron can be 
supplied to them. In red beet the signal of boron starvation registers quickly 
and discernibly in the form of internal black spot, since there are so many cam- 
biums in activity that some one or two are sure to suffer acute shortage. Other 
species of plants probably are affected physiologically and their normal growth is 
retarded by disturbed activity of their meristematic regions, but the deficiency 
symptoms are slower to develop and in fact may not appear at all macro- 
scopically. 

The histologic study emphasizes that boron deficiency may retard growth of 
plants without producing macroscopic symptoms. The differentiation of con- 
ducting tissue is first affected and this in turn must affect mineral absorption and 
distribution and the efficient use of soil nutrients. 


BORON NUTRITION OF THE GRAPE 
L. E. SCOTT 
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Eeceived for publication September 17, 1943 

Although Agulhon’s (1) experiments demonstrated, as early as 1910, the useful- 
ness of boron in the nutrition of certain higher plants, practical interest in boron 
as a beneficial fertilizer element did not develop until after the recognition, 20 
years later, by Brandenburg (3) of a boron deficiency of the beet under field 
conditions. Atwater (2) has aptly pointed out that the symptoms of abnormal- 
ity in many plants which we now know are correctable by the addition of boron 
were recognized and described years before the role of boron in plant nutrition 
was suspected. “Black-heart’’ of beets, “internal cork” of apples, and “cracked 
stem” of celery are examples. 

Maier’s (5) water culture experiments with grape seedlings had served to 
include the grape in the list of plants for which boron has been shown to be an 
essential nutrient, but no instance of deficiency under vineyard conditions had 
been recognized. It is quite probable that growth and fruiting abnormalities 
in the grape caused by boron deficiency had occurred but either were unrecog- 
nized or attributed to other factors. The instance of boron deficiency in the 
grape reported in 1941 (9) may be such a case. 

The present paper is concerned with observations over a period of 5 years on 
the effect of boron on growth and fruiting of the grape and on the boron content 
of the vines, in a vineyard which had shown s 5 mptoms of boron deficiency. 

matheials and methods 
The vineyard 

The experimental vineyard is in the Sandhill area near Columbia, South Caro- 
line, on a deep phase of Norfolk sand. This soil is very low in organic matter 
and natural fertility, giving crop response to application of many of the plant- 
food elements. The vineyard had received annual applications of a “complete” 
(N-P-K) fertilizer at the rate of 600 to 800 pounds per acre. In addition, 1500 
pounds per acre of dolomitic limestone was applied in 1932 and 1000 pounds per 
acre of basic slag in 1938. The pH of the surface soil was about 5.8 in 1939. 

The vineyard is a test block of 50 varieties, which were 5 to 9 years old in 1939, 
originally planted in groups of five or ten vines of a variety. In June, 1939, two 
or three vines of each of ten varieties were treated with borax at the rate of 10 
pounds per acre applied to the soil in bands on both sides of the vine. In May^ 
1940, half of the vines oi the remaining varieties in the vineyard were treated 
similarly. 


55 


56 


L. E, SCOTT 


Analytical methods 

Boron determinations were made by the quinalizarin method, following the 
procedure of Maunzell (6) and using a Coleman spectrophotometer in obtaining 
colorimetric readings. 


RESULTS 

Boron-deficiency symptoms and remedial effect of borax 

Foliar symptoms that suggested the possibility of boron deficiency were noted 
in June, 1939. These symptoms consisted of a well-developed pattern with 
chlorotic areas toward the leaf margin and between the leaf veins. Even in 
severe cases, the chlorotic areas remained intact with little or no breaking down 
of tissue or burning of the leaf margins. The surface of affected leaves was 
abnormally roughened with raised areas between the veins, resulting in a cupping 
of the leaf toward the under side. Premature defoliation did not occur. The 
new leaves produced after treatment with borax shownd no evidence of abnor- 
mality, although the older leaves remained chlorotic. However, the late growth 
on untreated vines showed little evidence of abnormal symptoms. 

Shortly after growth started in early May, 1940, it was noticed that the shoots 
on a number of vines that had not been treated with borax in 1939 were develop- 
ing abnormally with pronounced stunting of growth and a tendency toward the 
development of several lateral shoots from a single node, especially from the 
nodes most distant from the trunk of the vine. The internodes were very short 
and the leaves small and in many instances misshapen. Flower clusters were 
developed but were twisted, malformed, and failed to set fruit. Untreated vines 
of other varieties showed less extreme symptoms, involving only slight chlorosis 
or cupping of the younger leaves, similar to those observed the previous year. 
The treated vines of the ten varieties that had received the application of borax 
in 1939 showed no indications of the symptoms and were developing normally 
in every respect. By the middle of July, 1940, the new growth, which in the 
grape consists in the extension of existing shoots, on those vines receiving borax 
treatment May 22 of that season, was normal in appearance. Again, as in 1939, 
it was noted that the later growth on the untreated vines was not so badly affected 
as the early season growth. 

In the following season of 1941, the development of symptoms was comparable 
to that observed previously, with the exception that possibly certain varieties 
were affected less severely. Of the 100 or more vines of many varieties showing 
definite symptoms of boron deficiency before receiving borax treatment in May, 
1940, only two individual vines failed to show complete recovery and normal 
growth in 1941. 

In 1942 and 1943 boron-deficiency symptoms again appeared on untreated 
vines but in less extreme form than in the two previous seasons. In general, 
differences between treated and untreated vines were less pronounced than for- 
merly. Several factors may account for this: first, the effect of the borax treat- 
ments in 1939 and 1940 may have been largely dissipated; second, overcropping 


BORON NUTRITION OF THE GRAPE 


57 


of boron-treated vines in 1942 accompanied by very dry weather in late summer 
and autumn weakened these vines; and third, crop failure on the untreated vines 
for the several years previously may have resulted in a more favorable plant-soil- 
boron relationship for these vines. 

Varietal differences under boron-deficiency conditions 

Great differences in varietal response to the deficiency existed. Ontario? 
Carman, Armalaga, Lomanto, Seneca, and Geneva are representative of varieties 
that were severely affected, showing extreme foliar symptoms, stunting of growth 
in spring, and virtually complete crop failure. Catawba, Bailey, Lenoir, Con- 
cord, Extra, Herbert, and Niagara were among those moderately affected, show- 
ing some foliar symptoms especially at the time of blossoming and more or less 
effect on yield. Champion, Portland, Fredonia, R. W. Munson, and Isabella 
showed few or no foliar symptoms, although fruit production may have been 
affected in some instances. It may be pointed out that extreme differences in 
yield and vigor of the many varieties were existent from time of planting in the 
experimental vineyard. The severity of symptoms, however, was apparently 
not correlated with inherent vigor of the variety. Thus, although the weak- 
growing Delaware, Headlight, and Ontario were severely affected, the equally 
weak Portland and Moore’s Early showed little evidence of deficiency. Simi- 
larly, the rank-growing Carman, Bailey, and Extra showed symptoms of defi- 
ciency, whereas the vigorous vines of R. W. Munson, Cloeta, and Champion 
remained normal. 


Yield response to borax 

The effect of the borax application upon fruit production has been even more 
striking than its effect on vegetative growth. The 1941 yields of 33 varieties 
receiving borax treatment in 1940 compared with yields of untreated vines are 
given in table 1. Of these varieties, 28 produced more fruit from the borax- 
treated vines. In 18 varieties the treated vines yielded more than double the 
untreated vines, with a number of the untreated vines being virtually barren. 
The responses in yield were not necessarily in the same order as the vegetative 
responses. On several varieties boron greatly increased yield even though foliar 
symptoms were not pronounced on the untreated vines. This is illustrated by 
the performance of Lenoir, a very vigorously growing variety under Sandhill 
conditions. Foliar symptoms of the deficiency in these vines were never acute, 
seldom being more than slight chlorosis and cupping of the leaves. Yet un- 
treated vines produced scarcely any fruit, while the yields of borax-treated vines 
were extremely heavy. 

Another instance of the pronounced effect of boron upon fruitfulness was 
illustrated in the yield records of the reflex-stamen or self -sterile varieties. All 
five of the varieties of this type showed greatly increased yields from borax 
treatment. Fruit clusters of borax-treated vines of Herbert and Last Rose were 
well filled and equal in appearance to those of self -fertile varieties. Treated and 
untreated vines were adjacent in the row and should have been equally favored 
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incross-pollmation. Treatment did not affect time of blossoming. The stamens 
of both treated and untreated vines were reflexed m the normal manner for 


TABLE 1 

Effect of applications of b orax in 1940 upon yields of grape varieties in IHl 

I TREATED WITH BORAX UNTREATED 


VARIETY 

Number of 
vines 

Yield per vine 

Number of 
vines 

Yield per vine 



lbs. 


lbs. 


1 

1.0 

2 

1.1 


5 

7.4 

5 

0.4 


2 

22.8 

3 

0.9 

Barry* 

2 

5.6 

3 

0.2 


1 

4.7 

1 

0.2 



0.8 


0.1 


2 

1 

Oaco - 1 * ■ 

1 

5.4 

3 

3.6 

Gann an » - 

3 

13.0 

3 

3.2 


4 

3.2 

3 

0.6 

Champagne 

2 

9.3 

1 

10.9 

Champion 

2 

12.1 

3 

12.6 

Cloeta * 

2 

3.8 

3 

3.0 

- - • 

6 

3.4 

3 

2.0 

ID'iaTnond - - - 

2 

3.8 

3 

0.1 

Edna 

2 

5.2 1 

3 

9.8 

Extra 

3 

18.2 

2 

7.5 

Fern 

2 

10.9 

2 

8.0 

Fredonia 

2 

9.9 

2 

5.0 



2 

6.2 

1 

0.8 

Herbert* 

4 

8.9 

3 

0.1 

Isabella 

2 

11.5 

4 

5.2 

Last Rose* 

1 

14.5 

1 

0.0 

Lenoir 

5 

22.5 

5 

2.2 

Lucile 

2 

3.9 

4 

1.3 

Lukfata* 

9 

11.3 

9 

6.5 

Lutie 

2 

2.4 

4 

1.6 

R, W. Munson 

2 

8.3 

3 

7.7 

Niagara 

2 

4.1 

4 

1.5 

Ontario 

2 

5.5 

2 

0.2 

Portland 

4 

3.8 

5 

2.7 

President.. 

1 

3.4 

1 

0.4 

Vergennes 

2 

4.4 

1 

4.9 

Worden 

1 

1.2 

1 

1.0 

Average for all varieties • 

7.6 


3.2 


^ Reflex-stamen varieties. 

varieties of this type, and a number of clusters bagged in 1942 failed completely 
to set fruit either on treated or untreated vines. 

Boron content of vines 

Leaf samples from boron-treated and untreated vines of 14 varieties were 
analyzed for boron May 1, May 29, August 9, and September 10, 1941, and on 




TABLE 2 

Boron content of leaf samples from borax4reated and untreated vines 
In p.p.m. of dry material 


VARIETY 

BORON 

TREATMENT* 

MAY 1, 
1941 

MAY 29, 
1941 

AUG. 9, 
1941 

SEPT. 

10, 

1941 

JUNE 17, 
1942 

SEPT. 

11, 

1942 ’ 

VARIETY 
MEANS BY 
TREATMENTS 

VARIETY 

MEANS 

Armalaga 

Plus 

19.9 

68.9 

37.9 

29.0 

25.0 

62.8 

40.6 

31.2 


Minus 

12.0 

39.6 

20.4 

26.4 

18.1 

13.8 

21.7 


Bailey 

Pius 

19.9 

41.1 

38.0 

41.1 

16.8 

38.5 

32.6 

32.7 


Minus 

7.8 

46.4 

25.0 

24.3 

19.4 

73.6 

32.8 


Carman 

Pius 

22.0 

28.7 

34.5 

41.8 

27.6 

68.8 

38.9 

36.1 


Minus 

14.6 

24.0 

39.1 

36.0 

34.0 

51.9 

33,3 


Catawba 

Plus 

14.2 

47.7 

33.7 

34.4 

13.7 

93.6 

39.6 

36.4 


Minus 

14.0 

57.6 

42.0 

34.6 

17.8 

33.2 

33.2 


Concord 

Plus 

13.3 

32.7 

38.6 

19.7 

11.8 

30.9 

24.5 

21.3 


Minus 

13.4 

18.8 

38.5 

7.4 

8.4 

22.0 

18.1 


Delaware 

Plus 

25.0 

64.3 

25.5 

36.0 

13.6 

77.0 

60.2 

46.6 


Minus 

12.6 

85,1 

40.8 

19.4 

13.5 

25.9 

32.9 


Edna 

Plus 

17.8 

26.2 

46.7 

28.8 

20.5 

14.3 

25.7 

26.5 


Minus 

23.6 

24.2 

40.4 

24.0 

18.8 

33.0 

27.3 


Ellen Scott 

Plus 

20.3 

74.3 

53.0 

40.8 

35.2 

68.4 

48.7 

41.6 

! 

Minus 

20.8 

: 58.4 

35.5 

25.7 

30.4 

36.4 

I 

34.5 

I 

Extra 

Plus 

38.5 

55.9 

38.8 

28.2 

17.3 

41.1 

36.7 

36.6 


Minus 

34.2 

59.1 

32.0 

38.2 

16.8 

! 38.3 

36.4 


Fern 

Plus 

39.0 

22.8 

37.9 

26.0 

22.9 

34.5 

30.5 

27.6 


Minus 

22,2 

18.0 

31.6 

20.0 

19.1 

35.6 

24.4 1 


Lenoir 

Plus 

36.2 

46.4 

45.7 

29.3 

17.1 

50.8 

37.6 

32.4 


Minus 

21.2 

38.1 

30.4 

29.0 

12.2 

32.5 

27.2 


Lucile 

Plus 

30.5 

40.3 

45.3 

55.1 

26.0 

55.6 

42.1 

37.8 


Minus 

30.8 

41.6 

36.8 

35.4 

12.2 

44.1 

33.5 


Portland 

Plus 

22.2 

40.5 

52.4 

61.5 

30.3 

106.8 

52.3 

40.4 


Minus 

17.0 

39.9 

26.6 

29.0 

22.6 

35.0 

28,4 


E. W. Munson 

Plus 

38.1 

51.6 

37.3 

44.7 

46,0 

54.5 

45.4 

44.7 


Minus 

34.0 

47.0 

35.7 

44.7 

49.7 

52.4 

43.9 


Means of sam- 

Plus 

25.5 

45.9 

40.4 

36.9 

23.1 

67.0 



pling dates by 
treatments 

Minus 

19.9 

42.7 

33.9 

28.2 

20.9 

37.7 



Means of sampling dates 

22.7 

44.3 

37.2 

32.5 

22.0 

47.3 




* Borax applied to plus-boron vines at rate of 10 pounds per acre in May, 1940. 
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TABLE 2 — Continued 


Mean of all plus-boron samples S8.1 

Mean of all minus-boron samples 30.5 

Difference between means necessary for significance (5 per cent level) 

(a) Between varieties • • 8*7 

(b) Between sampling dates 5-0 

(c) Between treatments 3.2 

(d) Between variety -treatments 13.4 

(e) Between sampling date-treatments 8.0 


June 17 and September 11, 1942. Normally the fourth leaf from the shoot tip 
was taken. On actively growing vines the leaves at this point were young and 
about three-fourths mature size, but leaves of different samples were not com- 
parable in this respect, because of boron deficiency, crop load, and seasonal 
conditions. Ten to fifteen leaves composed a sample. The same vines were 
sampled throughout the test. Other samples were obtained for a study of boron 
distribution in the current season’s growth. 

The analytical data are given in detail and in summary in table 2. The boron 4 

content of the leaves ranged from a low of 7.4 p.p.m. in the minus-boron Concord 
sample of September, 1941, to 106.8 p.p.m. in the plus-boron Portland sample of 
September, 1942. Variance analysis of the data showed significant differences 
for all three of the main effects; treatments, sampling dates, and varieties. 
Borax-treated vines had a higher boron content of the leaves than untreated 
vines. The boron content of the leaves was lowest in the early part of the grow- 
ing season. The varieties Delaware, R. W. Munson, Ellen Scott, and Portland 
had the highest boron content with averages above 40 p.p.m., whereas Fern, 

Edna, and Concord had concentrations below 30 p.p.m. It was evident that 
boron content of the varieties was not necessarily in accord with varietal sus- ^ 

ceptibility to boron deficiency. Significant interactions between treatments, 
varieties, and sampling dates showed that the effect of the treatment upon boron 
content of the leaves was not the same throughout the season and that varietal 
differences also varied with date of sampling. 

Although these significant differences are found in the analytical data, it is 
quite apparent that individual variety analyses give seemingly inconsistent 
results. A basis for this inconsistency may be found if both sampling technique 
and growth and yield performance of the individual vine are considered. The 
inability to obtain leaf samples of comparable age from the various vines has \ 

been mentioned. Many boron-treated vines producing heavy fruit crops ceased 
terminal growth in midsummer, while untreated vines without a crop continued 
in growth. The difference in fruiting, which was pronounced in most varieties, 
could very conceivably have affected the boron level in the terminal leaves. 

^ The variable boron content of various parts of the shoot given in the following 
discussion show^s clearly the necessity for more adequate sampling and considera- 
tion of the fruiting status of the vine. 
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Distribution of boron in the shoot 

Representative shoots of the current season’s growth of treated and untreated 
vines were sampled in an effort to determine the distribution of boron in the 
tissues. Vines of the Extra variety were sampled August 9, 1941, Carman vines 
June 17, 1942, and Lenoir vines May 5, 1943. The analyses are given in table 3. 

The treated Extra vines had a slightly higher boron concentration than un- 
treated vines, the greatest difference being found in the mature leaves about 


TABLE 3 

Distribution of boron in current season^ s shoots of the grape 


VARIETY AND TIME OF SAMPLING 

POSITION OF SHOOT ANALYZED 

BORON CONTENT OF 
TISSUES 

Boron- 

treated 

vines 

Untreated 

vines 

Extra — sampled August 9, 

Old leaves adjacent to fruit clusters 

p.p.m.* 

26.0 

p.p.m* 

24.8 

1941. Light crop on un- 

Mature leaves midway on cane 

43.8 

29.6 

treated vines ; heavy crop on 

Young leaves in active growth 

33.7 

30.0 

treated vines 




Carman — sampled June 17, 

Basal leaves — below clusters 

55.6 

38.1 

1942. No crop and boron- 

Leaves adjacent to clusters 

32.4 

21.2 

deficiency symptoms on un- 

Leaves above clusters 

34.7 

46.8 

treated vines in May and 

Young terminal leaves 

39.9 

47.7 

normal growth at sampling; 
heavy crop on treated vines 




Lenoir — samples at full bloom 

Leaves below clusters 

53.0 

40.3 

May 5, 1943. No deficiency 

Leaves adjacent to clusters 

47.3 i 

36,0 

symptoms on untreated vines 

Leaves above clusters 

39.0 

30.0 


Blossom clusters 

38.6 

34.6 


Stem below clusters 

31.9 

26.2 


Stem adjacent to clusters 

27.6 

17.5 


Stem above clusters 

33.5 

32.0 


* On dry weight basis. 


midway of the shoot. The old leaves of the shoots adjacent to the fruit clusters 
had the lowest boron content. The vines of both treatments were in active 
growth when sampled, but the treated vines had a much heavier crop of fruit. 

The Carman vines, sampled when the fruit was developing, showed the lowest 
boron level in the leaves adjacent to the fruit clusters. The leaves on the basal 
half of the boron-treated vines were higher in boron than comparable leaves of the 
untreated vines, but the reverse was true of the leaves on the terminal half of the 
shoots. At the time of sampling, the untreated vines were in active growth with 
normal terminal leaves, but the leaves in the central portions of the cane showed 
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boron-deficiency symptoms. Here again the treated vines were carrying a much 
heavier fruit crop than the untreated. 

A sampling more complete than that of the Extra and Carman vines was made 
of the treated and untreated Lenoir vines at the time of full bloom. On these 
vines the shoots were divided into three sections, the part below the blossom 
clusters, the part subtending the blossom clusters, and the part above the blossom 
clusters, the stems, leaves, and flower clusters of the portions being analyzed 
separately. There was a progressive decrease in boron content of the leaves 
toward the tip of the shoot, the boron content of the three portions in the treated 
and untreated vines was 53.0, 47.3, 39.0 and 40.3, 36.0, 30.0 p.p.m,, respectively. 
The stem analyses also showed a higher boron content for the treated vines than 
for the untreated, but positional differences were in different order from that of 
the leaves, the highest boron level being in the terminal portion and the lowest 
in the portion subtending the flower clusters. The content of boron, in parts 
per million, for the three stem portions of treated and untreated vines was 31.9, 
27.6, 33.5 and 25.2, 17.5 and 32.0 respectively. The boron content of the flower 
clusters of the treated vines was 38.6 p.p.m., and the corresponding value for the 
untreated-vine clusters was 34.6 p.p.m. 

DISCUSSION 

It was apparent throughout the tests that the boron-deficiency symptoms 
developed early in the growing season but failed to appear in later growth of the 
shoot. With severely affected vines the deficiency appeared as a stunting of the 
new shoots shortly after growth commenced in the spring. With less severely 
affected varieties growth continued normally until after blossoming or set of 
fruit and then symptoms suddenly appeared on the young leaves at the growing 
shoot tips. After failure to set fruit the cane resumed normal growth. As a 
result, shoots examined in the latter part of the growing season commonly showed 
normal leaves at the base, then four or five leaves with deficiency symptoms, 
then a continued growth of normal leaves. 

This relationship between time of fruit set and the appearance of the deficiency 
symptoms in the meristematic areas, accompanied by the failure of boron-defi- 
cient vines to set fruit, strongly suggests a very close relationship between boron 
nutrition and fruit setting of the grape. Moreover, the effect upon set of fruit 
was exhibited in instances where foliar effects were minor, if present at all, indi- 
cating a possible specificity of the function of boron in fruit setting. Whether 
the boron effect is direct as an essential quantitative plant nutrient required in 
definite amounts, or whether the action is that of a catalyst upon organic metab- 
olism is not known. Likewise, it would be of interest to know whether the ab- 
scission of the flower is a direct result of boron deficiency in the cells in the pedicel 
or whether abscission results from failure of a satisfactory gametic union caused 
by lack of boron. Armalaga, Catawba, and certain other varieties set partheno- 
carpic fruits on the boron-deficient vines. This phenomenon is observed with 
many varieties under conditions of unfavorable fruit set, especially with Vinifera 
varieties, w’here it is termed “millerandage.’^ Usually, however, only a few 
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seedless berries to a cluster are developed. Boron-deficient vines of Armalaga 
exhibited complete millerandage, developing full clusters of very small seedless 
berries. In this connection attention must be directed to the work of Oinoue (7), 
who obtained greatly increased fruit set on the variety Muscat of Alexandria by 
spraying mth boron. This variety is rather commonly subject to millerandage, 
according to Winkler (11), who obtained an increased percentage of normal 
berries by reducing the crop in relation to vegetative area. Millerandage has 
been regarded for a long time as a possible nutritional trouble (4), but effective 
control by fertilizers has not been obtained. Snyder and Harmon (10) recently 
reported a remarkable improvement in fruit setting of Muscat of Alexandria by 
application of commercial zinc sulfate to the pruning cuts of vines not showing 
foliar symptoms of the little-leaf zinc deficiency. In this respect it is interesting 
to note that Schuster et al. (8) found commercial zinc sulfate to contain 15 p.p.m. 
of boron, and they suggested that this boron may be a beneficial factor in zinc 
sulfate treatments. 

Is it possible that millerandage of grapes and the related physiological trouble, 
coulure, should be included in Atwater’s (2) '^ancient history” of boron 
symptoms? 

The performance of the reflex-stamen or self-sterile varieties likemse shows a 
close relationship between boron nutrition and set of fruit. Physiological or 
nutritional factors have been recognized as probably partly responsible for self- 
sterility in many horticultural species. Fruiting of the self-sterile varieties of 
grapes is variable even under apparently comparable conditions for cross-pollina- 
tion, differing widely with seasons, locations, and soils. Certain vineyards have 
been known to produce good crops of Brighton and Herbert regularly. The 
experiments reported suggest that the boron nutrition may be a strongly deter- 
minative factor in the fruiting of these varieties. It would seem well worth 
while to investigate the possibility of a relationship between the boron nutrition 
and fruit set of other horticultural species exhibiting peculiar sterility problems. 

It has been pointed out that boron-deficiency symptoms seldom developed in 
new growth produced during the latter part of the growing season. It is possible 
that during this period the relationship between the demand for boron by the 
actively growing tissues and the ability of the soil and root system to supply 
boron is more favorable than that existing in the early part of the season when 
growth is extremely rapid over all parts of the vine. If we consider boron as 
essential especially in meristematic tissues, then the tendency toward exhibition 
of systems in the period of rapid grovrth expansion is quite logical. It must also 
be assumed, then, that the vine is unable to store sufficient boron in the trunk 
and roots and transfer it to the growing points at an adequately rapid rate for 
the early season growth. 

The most important practical value of a series of plant tissue analyses of a 
particular mineral nutrient is the establishment of optimum and critical levels 
of that nutrient in relation to deficiency symptoms and plant growth. In the 
present work, although borax application to the soil resulted in consistent and 
positive correction of abnormal fruiting and growth condition and, in doing so, 
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generally increased the boron content of terminal leaves on the canes, the data 
obtained in analyses of these leaves do not permit accurate definition of deficiency 
levels of boron. Several factors must be considered. First, the analyses ob- 
tained, corroborated later by the results of sand culture experiments, make it 
questionable whether the terminal leaves of the cane afford the best indication of 
the boron status of the vine. Second, with the exception of the samples of May 
1, 1941, no series of samples were taken at a time when the vines were actually 
developing symptoms of boron deficiency in the terminal leaves. The critical 
period for development of symptoms was found to be shortly after growth incep- 
tion in the spring and at time of fruit-setting; thereafter, all vines, both treated 
and untreated, generally failed to show deficiency symptoms in the later growth. 
Furthermore, many of the samples taken consisted of mature leaves or leaves 
not in active stage of growth. Since the symptoms of boron deficiency can only 
become apparent if the deficiency occurs when the leaves are in active meri- 
stematic condition, it is possible that such leaves may exhibit a very low boron 
level but no outward symptoms of deficiency, or likevdse the converse may be 
true. 

The effect of blossoming, fruit set, and fruit development upon the boron level 
in the vine in relation to the occurrence of deficiency symptoms is not clear. 
The flower clusters of Lenoir had a boron content comparable to that of the 
accompanying leaves. On the other hand, the leaves subtending the fruit clus- 
ters on both treated and untreated vines of Carman and Extra showed lower 
boron content than leaves on other portions of the cane. Does this indicate 
mobilization and a utilization by the fruit cluster of the boron in the adjacent 
leaves? As possible further evidence of the demand of fruit development on the 
boron supply, is the lower level of boron found in the terminal portions of the 
heavily fruiting plus-boron Carman canes, than that found in comparable por- 
tions of low-yielding untreated canes. 

Within the past year, in greenhouse studies, young vines in sand cultures with- 
out boron in the nutrient solution have exhibited the same deficiency symptoms 
as those found in the field. More detailed analyses of these vines have given 
evidence concerning the mobility of boron within the vine and its relation to 
development of the deficiency in localized parts of the vine. These data will be 
presented in a later paper. 


SUMMARY 

Application of borax to the soil at the rate of 10 pounds to the acre resulted 
in positive correction of abnormal growth and fruiting of a number of grape 
varieties in a vineyard on Norfolk sandy soil. 

Foliar symptoms of the boron deficiency developed early in the growing season, 
particularly just after development of blossom clusters. 

Late-season growth seldom developed deficiency symptoms. 

Vines showing boron-deficiency symptoms formed blossom clusters but set 
very few fruits. Fruit yield also was severely affected on some vines which 

showed little evidence of deficiency symptoms in the foliage.^ ^ ^ ^ ^ ^ 
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Certain varieties, in particular Armalaga, exhibited millerandage, that is, they 
set parthenocarpic or seedless fruits on boron-deficient vines. 

Borax greatly increased the set of fruit of self-sterile or reflex-stamen varieties. 
Varieties differed widely in their susceptibility to boron deficiency. 

Borax application increased the boron content of the leaves. 

Boron content of leaves was lowest in the early part of the growing season. 
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BRASSICA STUDIES 

The symptoms of boron deficiency in some plants of the genus Brassica were 
published in 1941 (2), and therefore only a few brief statements of the symp- 
toms are presented here. The most conspicuous symptom of boron deficiency 
in broccoli is curling and rolling of the leaves. The heads have brown buds 
which fall off prematurely. Swelling or cork on the petiole is frequently ob- 
served. Cabbage receiving an inadequate supply of boron also has deformed 
leaves and swellings on the petioles, and the leaves of the head frequently are 
not attached to the stem. Boron deficiency in cauliflower is first expressed as 
curling and rolling of the leaves; later, watery and brown areas appear on the 
inside of the stems and on the head. The leaves of boron-deficient Chinese 
cabbage are rugose with occasional chlorotic areas, and the petiole is cracked 
crosswise. Leaves of deficient kale plants are chlorotic. The surface of the 
bulb of boron-deficient kohlrabi is covered with cork, and the inside may have 
watery or brown areas. The first external symptoms of boron deficiency of 
rutabagas and turnips are curled, rolled, and rugose leaves; later, the surface of 
the root is usually coarsely russeted. 

The seeds of cauliflower do not contain enough boron properly to develop the 
cotyledons (2). The total fresh weight of plants grown with 0.3 p.p.m. of boron 
was greater than the weight of plants grown with 0.1 and 0.5. Plants inade- 
quately supplied with boron w^ere dwarfed, the edible part of the plant being 
reduced the most, and all other organs of the plants w^ere in the same mass 
relationship as in healthy plants (root-top ratio of healthy and deficient plants 
are the same). Some boron appeared to be translocated from the leaves of 
deficient plants before they fell off. 

Experimental methods 

To study the effect of elements other than boron on boron nutrition of Brassicay 
seeds were planted in sand and supplied with nutrient solution containing a low 
level of boron until the seedlings were transplanted to sand supplied with the 
test solution by the continuous flow method. In all but one of the experiments 
the factorial design of experiment was used. The test plant in two of the ex- 
periments was broccoli and in the other kale. At harvest the data were analyzed 
statistically, and odds of 19 to 1 were considered significant. 

First broccoli experiment 

Broccoli was grown in four different nutrient solutions selected from twenty- 
two which had been used by various investigators to study boron deficiency. 

1 The author wishes to thank A. Frank Ross for assistance in conducting the potato ex- 
periment and for examining the potato tubers at the end of the storage period. 
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The solutions, designated A, B, C, and D, were those used by Hill and Grant 
(10), by Hoagland and Snyder (11), by Johnson and Dore (13), and by Shive (18). 

The nutrient solutions used in the first broccoli experiment are described in 
table 1. With continuous flow supplying 2 liters of nutrient solution per plant 
daily, the osmotic pressure after the solution had been used was higher than 
before, and the selective absorption of the roots caused the pH of all solutions 
to change. 


TABLE! 

Nutrient solutions used in the broccoli experiment 


SOLUTION 

OSMOTIC 

PRESSURE 

pH 

SALT CONTENT 

RATIO OE ELEMENTS 


Fresh 

Used 

Fresh 

Used 



N 

p 

K 

Ca 

Mg 

A. 

.61 

.69 

4.8 

6.7 

1.94 

p.p.m. 

693 

3 

1 

1.5 

4 

1 

B... 

.62 

.63 

4.8 

8.0 

2.31 

787 

4 

0.6 

4.7 

4 

1 

C 

.48 

.58 

5.0 

6.6 

1.41 

686 

1 

1* 

1 

1 

1.4 

D 

.65 

.92 

5.3 

6.9 

1.65 

590 

6 

0.3 

2.5 

1 

0.1 









* Phosphorus of this solution was taken as unity. Its absolute value is 49.6 p.p.m. 


TABLE 2 

Harvest data in the first broccoli experiment 
Averages of 12 plants 


SOLUTION 

ERESH WEIGHT 

PLANT 

HEIGHT 

LEAP 

LENGTH 

RATIO OP 
LEAF 
length/ 

WIDTH 

NUMBER OP 
BORON- 
DEPICIENCY 
SYMPTOMS** 

Head 

Suckers 

Total* 


gm. 

gm. 

gm. 

in. 

in. 



A 

168 

46 

1020 

25.2 

22.4 

2.6 

6.5 

B 

90 

310 

1655 

23.7 

26.0 

2.7 

3.3 

C 

40 

25 1 

673 

19.1 

21.2 

2.9 

0.8 

D 

24 

42 

571 

17.1 

18.3 

2.2 

0.6 

Dif ereuce necessary 








for significance — 

114 

111 

575 

4.4 

2.7 


4.5 


* This includes stem, leaves, head, and suckers. 

** Boron-deficiency symptoms counted were rolled leaves, curled leaves, swelling on the 
midrib, swellings on the petiole, cork on the petiole, cork on the stem, split petioles, 
watery areas in the stem, brown areas in the stem, and absized blossom buds. 

The measurements obtained at harvest are presented in table 2, each of the 
figures being an average of 12 plants. Nutrient solution A produced the largest 
heads and the tallest plants. Plants supplied with solution B had the greatest 
total weight (stem, leaves, suckers, and head). This solution, however, pro- 
duced a large number of suckers over the entire plant, which may explain its 
inefficient production of heads. The C solution produced plants which were 
inferior to those grown in either the A or the B solution. The plants in the C 
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solution appeared very different from those grown in other solutions, having 
narrow upright leaves covered with a very heavy bloom. Solution D produced 
the poorest plants, plants which were not healthy during any part of their 
growth. 

The boron deficiency of broccoli in this experiment varied with the composi- 
tion of the nutrient solution, being more common and more severe in solutions 
with high calcium. 

Kale experiment 

Another experiment was planned to vary at three levels the quantity of nitro- 
gen, potassium, calcium, and magnesium in order to study further the effect of 
these elements on boron deficiency. The levels of the four elements were selected 
to obtain as nearly as possible the same absolute amount of each element as was 
used in the preceding experiment. Nitrogen was at the levels of A, C, and D; 
phosphorus was supplied at the same level as in solution C ; potassium was equiva- 
lent to C and D and also was supplied at a higher level; calcium and magnesium 
were supplied at the same concentrations as A, B, and C, with one higher concen- 
tration of each element. In selecting levels above the absolute amount used 
in the first experiment, the ratio of two elements was given consideration; for 
example, the high potassium was set at 369.1 p.p.m. because this would give 
approximately the same K/P ratio as that in both solutions B and D of the pre- 
ceding experiment. The different ratios used in this experiment were as follows 
(1 = 49.6 p.p.m.): 


N 

P 

K 

Ca 

Mg 

1.2 

1.0 

1.3 

1.3 

1.0 

2.8 

1.0 

2.5 

4.0 

1.4 

5.9 

1.0 

7.4 

12.1 

2.6 


All of the 81 possible combinations were studied, on kale as the test plant, and 
boron was supplied at 0.05 p.p.m. in all solutions. The first plant to show boron 
deficiency received low N and Ca, medium Mg, and high K (1~1”7-1-1.4). A 
number of the plants receiving high calcium had very brittle petioles, yet at 
harvest only 10 of the 81 plants shoived boron-deficiency symptoms, and statis- 
tical analysis did not indicate association between any level of any of the elements 
studied and the deficiency. 

Second hroccoU experiment 

Another experiment was conducted, with broccoli as the test plant, and potas- 


slum, calcium, and boron were varied as follows (1 = 

50 p.p.m.) : 


N 

P 

K 

Ca 

Mg 

s 

Cl 

5 

6 

1 

1 

1 

2 

2 

5 

6 

4 

4 

1 

2 

2 

5 

6 

8 

8 

1 

2 

2 


This study was conducted in three kinds of sand. The results of this experiment 
show that the levels of boron studied, 0.01, 0.5, and 1.5 p.p.m., did not affect 
fresh weight or the number of boron-deficiency symptoms (table 3), The fresh 
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weight was significantly increased with increasing amounts of calciunij and the 
low level of calcium resulted in more boron deficiency than the high level. Po- 
tassium did not affect fresh weight or the number of boron-deficiency symptoms. 
The sand obtained from a lake shore in Maine produced a greater yield than the 
fine sand and more boron-deficiency symptoms than either the fine or the coarse 
sand. These results are in contrast to those obtained in previous experiments, 
in which no difference was observed with these three sands. 


TABLE 3 

Harvest data in the second broccoli experiment 


treatment 

MEAN ERESH WEIGHT 

MEAN NUMBER 

OF BORON-DEFICIENCY 
SYMPTOMS 

LfiLkft sa.nd 

gni> 

142.1 

5.0 

Fine sand. 

97.8 

2.9 

Coarse sand 

134.9 

3.9 


0-01 p.p.m. Boron 

105.2 

4.1 

0.6 p.p.m. Boron 

134.4 

3.3 

1.5 p.p.m. Boron 

135.2 

4.4 


50 p.p.m. Calcium 

78.1 

4.6 

200 p.p.m. Calcium 

116.0 

4.3 

00 p.p.m. Calcium 

180.7 

3.0 


50 p.p.m. Potassium 

103.7 

4.3 

200 p.p.m. Potassium 

136.3 

3.6 

400 p.p.m. Potassium 

134.8 

4.0 


Difference necessary for significance 

34.03 

1.32 



Discussion 

Midgley and Dunklee (14), Cook and Millar (6), and Parks and Shaw (16) 
have suggested that chemical fixation of boron is brought about by the calcium 
ion. The failure to develop boron-deficiency symptoms in the kale and second 
broccoli experiments in which there were 26 replicates of each level of ealeinTn 
in each experiment shows the absence of any such simple chemical fixation. 
Purvis (17) has shown that if boron is limiting, the deficiency symptoms may be 
brought out by copper, magnesium, and manganese. Probably many other 
factors are involved, and unless all these are included in one experiment it will be 
diflScult, if not impossible, to study the effect of elements other than boron on 
boron nutrition. 

POTATO BXPEEIMENTS 

Stem-end browning is a disease of potato tubers prevalent in Maine. Many 
unsuccessful attempts have been made to isolate a pathogenic organism, and 
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cultural practices and fertilizer treatments have not satisfactorily controlled it. 
The stem ends of the tubers become discolored as a result of a necrosis primarily 
ill the X 3 dem and phloem. Usuall^^ this discoloration does not extend o\Tir fi half 
inch into the tuber. Folsom (8) has shown that the dei'elopment of the dis- 
coloration usually reaches its peak after 100 days of storage at about 52°F. 

In the experiments reported here, small seed pieces of potatoes were sprouted 
in sand supplied with Hoagland’s nutrient solution. When they v/ere ivell 
rooted the\^ were transplanted to sand supplied with nutrient solution bi" con- 
tinuous flow. Three cultures of each of 31 nutrient solutions were used. The 
regular nutrient solution had the following composition, in parts per million: 
N 400, P 397, K 500, Ca 500, Mg 120, S 100, Cl 0, Cu 0.1, and B 0.05. The 
concentration of the solution was varied for some cultures, and the amount of 
N, I\, Ca, Mg, and S was }, 2, and 3 times that of the regular solution, whereas 

B was supplied at 0.01 and 0.001 p.p.m. In some of the cultures, Cl was added 
(125, 250, 500, and 750 p.p.m.). Copper was supplied at 25 and 50 p.p.m., and 
one culture received 100 p.p.m. after the plants were well dcA’cloped. 

After storage of over 100 days at 52° F., none of the tubers from the regular 
solution or the solution with half the regular nitrogen showed an^^ discoloration. 
T^^'pical symptoms of stem-end browning Avere developed in some of the tubers 
receiving half the regular concentration, tAvice the regular nitrogen, three times 
the regular potassium, half the regular calcium, three times the regular sulfur, 
100 p.p.m. of copper applied late, and 500 p.p.m. of chloride. Stem-end 
broAAming Avas most frequently obseiwed in the tubers grown in the solution with 
loAV boron (0.01 and 0.001 p.p.m.). In addition, some of these tubers shoAved a 
more severe t}^pe of boron deficiencA^ w^hich deAnloped in storage (fig. 1). The 
skin developed a thick, corkA^ russeting, particularl.y near the stem end, and the 
skin of some Avas a broAAnish black. When the tubers were cut, the tissue im- 
mediatel}" beloAC the dark skin aa^s found to be necrotic and to extend to the 
vascular ring or deeper. No symptoms of boron deficienc.y Avere observed on the 
tops of plants groAAm in the greenhouse. These results indicate that stem-end 
broAvning is the first symptom of boron deficiency in potato tubers and that Avith 
a greater deficiency the skins are conspicuous^ russeted and/or the tissue just 
beloAV the skin is necrotic. 

Folsom and Rich (7) in a field experiment in Maine shoAved that 1, 2.5, 5, and 
10 pounds of boron per acre had no effect on potato growth, yields, or stem-end 
broAvning. Under similar conditions, Chucka and hhuAd^ins (3) shoAved no 
increase in yield, and Chucka (4) shoAved a slight reduction in yield a feW' A^ears 
later. On the other hand, Harrington (9) found that limited amounts of boron 
promoted earlier groAvth, increased the yield, and improved the quality of pota- 
toes in some sections of Montana. In Penns^dvania (1) 10 pounds of borax per 
acre increased the yield of potatoes. It has been showm (12, 14, 15, 16, 17, 19) 
that applications of K, Ca, and Mg to the soiP may induce boron deficiency in 

2 In this number of soil science, Jones and Scarseth gi\^e their views on the calcium- 
boron interrelationship, and Reeve and Shive present information on the potassium-boron 
and calcium-boron relationships. 
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some crops. The potato section of Maine has always used liberal applications 
of potassium, and the use of lime and magnesium has been greatly increased 
during the last 10 years. Furthermore, data from the permanent fertilizer plots 
in Aroostook County, Alaine, indicate that high applications of potassium and 
of calcium result in increases in the amount of stem-end browning (5). It there- 



Frc. 1. Boron Deficiency and Stem-End Browning of Potato Tubers 
The left and center columns show boron deficiency, the right column shows stem-end 
browning. All tubers are from plants that received 0.001 p.p.m. of boron. 

fore appears that stem-end browning may be a case of mild boron deficiency which 
does not express itself in the leaves and may not alter the yield in every type of 
sod every season. As respomses to soil applications of boron have not been ob- 
served m Maine, it may be necessary to spray the boron on the plants growing 
m some types of soils and with some methods of fertilizer application. 
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SUMIVIARY 

High-calcium nutrient solutions (three replicates) produced more boron defi- 
ciency than did low calcium in broccoli plants. In two experiments, however, 
with kale and broccoli, in which 26 replicates of each level of calcium were tried, 
there was no significant association of high calcium and boron deficiency. Three 
levels of nitrogen, potassium, and magnesium had no significant effect on boron- 
deficiency symptoms. 

Stem-end brovming of potato tubers was produced in the greenhouse on low 
boron, and a more severe symptom of boron deficiency in the tubers is described. 
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The profitable production of legume seed may be influenced by many factors. 
Among these, soil fertility; climatic factors, such as temperature, humidity, and 
rainfall; pollination; and selection and breeding for an increase in ability to pro- 
duce good seed sets, have been investigated. It is now commonly accepted that 
most legumes have a relatively high requirement for boron. In many instances 
low boron supply in the soil has been responsible for low yields, or even failure 
of many legume crops. 

Boron deficiency has been observed on many crops and under varied soil condi- 
tions in North Carolina for a number of years. In the last few years the expan- 
sion of legume crops has been emphasized. This expansion is desirable, partic- 
ularly in the South, for soil improvement and development of a sound livestock 
program. In recognition of the importance of boron in plant growth and of 
legumes in southern agriculture, studies were initiated to ascertain the boron 
status of the soils in the state; and the effects that added boron might have upon 
the growth of legume hay and seed crops. This paper deals principally with the 
effects of boron on the seed production of alfalfa, vetch, crimson clover, peanuts, 
and soybeans. 


REVIEW OF THE LITERATURE 

It has been observed in a number of instances and under ' varied soil conditions 
(2, 5, 6, 8, 9, 12) that boron is essential in the production of alfalfa seed. Naftel 
(10) determined that 0.3 p.p.m. B was most effective in the development of 
crimson clover heads and total plant yields. Dmitriev (7) found that seed 
production of red clover was raised by the addition of boron to limed soils. Soko- 
lov and others (13) also observed an increase of the seed yield of leguminous 
plants on podzol soils when much lime was introduced together with boron. 
Boron applications are recommended, according to Bobko (5), for the seed pro- 
duction of clover and lucerne on limed podzol soils. Wester and Magruder (16) 
found that boron significantly increased the yield of dry lima beans on Elsinboro 
sandy loam soil. 

1 Contribution from the department of agronomy, North Carolina Agricultural Experi- 
ment Station, Ealeigh, N. C, Published with the approval of the director as paper No. 179 
of the Journal Series. 

2 The authors wish to express their appreciation to the American Potash Institute, Inc., 
for fellowship funds which made this work possible; to the seed and soil testing laboratories 
of the North Carolina Department of Agriculture for germination and soil organic matter 
determinations; and to E. W. Cummings, W. E. Colwell, and J. F. Eeed for their construc- 
tive criticism during the preparation of the manuscript. 
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Nowotnowna (11), working with soybeans, reported a yield of six times more 
beans and with a higher oil content when supplied adequate boron. 

From tests conducted in Alabama, Albrecht (1) concluded that some increase 
in seed yield of hairy vetch can be expected when boron is applied to a light, sandy 
Norfolk soil. 

There appears to be no reference in the literature to the value of boron in the 
growth of peanut fruit. 

AVAILABLE BORON IN NORTH CAROLINA SOILS 

Soil samples were collected from 93 of the 100 counties in North Carolina repre- 
senting the two major soil types of agricultural importance in each county, and 
representing all types of agriculture found in the state. These soils were analyzed 
for available boron by the method of Berger and Truog (4). The results show 
that the supply of available soil boron may be too low for the most economic 
production of many legume crops as well as their seeds. Typical data in tables 
1 to 3 show the available boron contents of several soil types from the Coastal 
Plain (table 1), Piedmont (table 2), and Mountain (table 3) sections. 

EFFECT OF BORON ON ALFALFA SEED PRODUCTION 

During the fall and wdnter of 1940-41 a study was initiated on 13 outlying 
alfalfa fields in the Piedmont and Mountain sections of the state to ascertain the 
value of borax in the growth of alfalfa hay. Duplicate -iV-acre plots were estab- 
lished, and borax additions were made to supply 0, 0.5, 1, and 1.5 p.p.m. boron, 
fertilization being uniform. The use of boron resulted in hay yield increases as 
high as 27 per cent. Three of the field locations in the Piedmont were selected 
in the spring of 1942 to ascertain what effect the previous boron additions might 
have on seed development. Results are shown in figure 1. At the second 
cutting of hay, strips (^fg- acre) were left on the several plots to allow seed to 
mature. The seeds were harvested by hand, rubbed out on a screen, and cleaned 
with a small laboratory seed cleaner. Borax increased both hay and seed yields. 
The average seed yield for the check plots was 19.1 pounds per acre. The addi- 
tion of 0.5, 1, and 1.5 p.p.m. boron produced an average of 460, 433, and 529 per 
cent increase respectively. The effects of boron additions on increase in indi- 
vidual field yields of hay and seed are shown in table 4, and the boron contents 
of hay and seed are shown in table 5. From the germination data given in table 
6 there seems to be no consistent difference in the germination quality of the 
seed produced at the various boron levels. 

EFFECT OF BORON ON SEED PRODUCTION OF HAIRY VETCH 

Vetch has long been recognized as an important winter legume in the South, 
both from the standpoint of a hay crop and as a green manure. Attempts to 
produce locally grown seed have met with failure, and as a result shipments from 
•the Pacific Northwest are common. Data from the Alabama Agricultural 
Experiment Station indicate that boron applied to a light, sandy Norfolk soil 
low in available boron may make it possible to produce vetch seed on southern 



BOEAX m LEGUME SEED PEOBUCTION 


77 


TABLE 1 


Available boron* in some Coastal Plain soils of North Carolina 


SOIL TYPE 

COUNTY 

pH OP TOP- 

AVAILABLE BORON 



SOIL 

Topsoilf 

SubsoiU 

Norfolk sand 

Bladen 

5.67 

p.p.m. 

0.20 

p.p.m, 

0.15 


Harnett 

5.31 

0.15 

0.13 


Johnston 

5.47 

0.11 

0.18 


Moore 

4.95 

0.29 

0.09 


Sampson 

5,65 

0.20 

0.10 

Norfolk fine sand 

Chowan 

5.55 

0.29 

0.29 


New Hanover 

5.55 

0.16 

0.12 


Onslow 

5.27 

0.28 

0.11 

Norfolk fine sandy loam 

Duplin 

4.78 

0.23 

0.13 

Edgecombe 

5.40 

0.40 

0.20 


Lenoir 

5.95 

0.22 

0.09 


Martin 

6.50 

0.21 

0.14 


Pender 

5.00 

0.10 

0.10 


Pitt 

5.50 

0.20 

0.20 


Wayne 

5.40 

0.20 

0.10 

Norfolk sandy loam 

Wilson 

5.35 

0.22 

0.18 

Wayne 

5.12 

0.20 

0.10 


Scotland 

5.60 

0.30 

0.20 


Robeson 

5.10 

0.10 

0.10 


Lee 

5.28 

0.30 

0.12 


Johnston 

5.50 

0.12 

0.11 


Edgecombe 

5.98 

0.20 

0.20 

Dunbar very fine sandy loam 

Beaufort 

5.30 

0.20 

0.10 

Bertie 

4.98 

0.34 

0.31 


Onslow 

5.00 

0.15 

0.13 

Bladen loam 

Beaufort 

4.34 

0.30 

0.45 


Hyde 

3.95 

0.33 

0.28 


Washington 

4.52 

0.20 

0.10 

Coxville fine sandy loam 

Hertford 

5.51 

0.20 

0.20 

Martin 

4.70 

0.27 

0.10 

Portsmouth sand 

Bladen 

4.60 

0.25 

0.15 

Portsmouth sandy loam 

Robeson 

5.10 

0.20 

O.IG 

Portsmouth fine sandy loam 

Carteret 

4.75 

0.40 

0.20 

Chowan 

5.80 

0.29 

0.20 


Craven 

4.60 

0.30 

0.20 


Duplin 

5.30 

0.22 

O.li 


Jones 

5.20 

0.27 

0.18 


Pender 

5.00 

0.30 

0.15 


Pitt 

4.85 

0.20 

0.20 

Peat 

Camden 

5.37 

0.43 

0.40 


Washington 

4.15 

0.40 

0.35 

Average available boron ... • 



0,24 

0.13 


* Hot water soluble, 
t 0-6 inches. 

I 6-12 inches. 
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TABLE 2 


Amilable boron* in some Piedmont soils of North Carolina 


son, TYPE 

COUNTY 

pH OP 

TOPSOIL 

AVAILABLE BORON 

Topsoilt 

Subsoik 




■p.p.m. 

p.p.m. 

Cecil sandy loam 

Caswell 

4.84 

0.30 

0.20 


Catawba 

4.83 

0.30 

0.20 


Davidson 

5.23 

0.24 

0.29 


Gaston 

5.25 

0.21 

0.10 


Iredell 

6.70 

0.05 

0.00 

Cecil fine sandy loam 

Lincoln 

4.95 

0.30 

0.20 

Cecil coarse sandy loam 

Franklin 

5.40 

0.30 

0.23 

Cecil gravelly loam 

Anson 

5.20 

0.22 

0.18 

Cecil clay loam 

Cabarrus 

7.85 

0.50 

0.30 


Catawba 

4.50 

0.30 

0.20 


Cleveland 

5.10 

0.30 

0.25 


Gaston 

5.30 

0.10 

0.11 


Iredell 

6.32 

0.30 

0.20 


Lincoln 

6.38 

0.50 

0.40 


Rowan 

4.40 

0.30 

0.28 


Surry 

5.20 

0.29 

0.18 


Yadkin 

5.67 

0.45 

0.30 

Cecil clay 

Alamance 

5.80 

0.29 

0.14 

Durham sandy loam 

Alamance 

5.65 

0.18 

0.18 


Warren 

6.10 

0.32 

0.36 

Georgeville stoney silt loam 

Montgomery 

4.32 

0.37 

0.23 

Georgeville gravelly silty clay 

Chatham 

5.50 

0.30 

1 0.20 

Georgeville gravelly silt loam 

Union 

5.30 

0.27 

0.18 

Georgeville gravelly silty clay loam 

Person 

5.17 

0.34 

0.18 

Georgeville silt loam 

Anson 

4.87 

0.22 

0.20 


Durham 

4.25 

0.13 

0.26 


Randolph 

4.95 

0.30 

0.20 

Iredell sandy loam 

Caswell 

5.10 

0.30 

0.20 

Iredell fine sandy loam 

Rowan 

5.34 

0.20 

0.10 

Iredell loam 

Cabarrus 

6.32 

0.35 

0.20 

Alamance silt loam 

Granville 

5.30 

0.15 

0.07 


Randolph 

4.53 

0.05 

0.00 


Union 

5.10 

0.28 

0.19 

Alamance gravelly silty loam 

Chatham 

5.16 

0.30 

0.20 

Appling coarse sandy loam 

Franklin 

4.94 

0.23 

0.20 

Appling sandy loam 

Warren 

6.47 

0.24 

0.12 

Average available boron . 

0.27 

0.20 


* Hot water soluble. 
1 0-6 laches. 
t 6-12 inches. 
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soils. The ^delds, as given in table 7, though low, do indicate that the addition 
of boron had a marked effect on seed yield. 

TABLE 3 


Available boron* in some mountain soils of North Carolina 


SOIL TYPE 

COUNTY 

pH OF 
TOPSOIL 

AVAILABLE BOFON 

Topsoilf 

Subsoil! 




p.p.m. 

p.p.m. 

Ashe loam 

Alleghany 

6.00 

0.30 

0.10 


Caldwell 

4.43 

0.30 

0.13 


Watauga 

6.40 

0.42 

0.28 


Yancey 

5.10 

0.40 

0.30 

Porters stoney loam 

Cherokee 

4.45 

0.40 

0.35 


Haywood 

5.60 

0.50 

0.30 

Porters sandy loam 

Transylvania 

5.70 

0.30 

0.10 

Porters loam 

Alleghany 

5.80 

0.20 

0.10 


Caldwell 

5.40 

0.44 

0.13 


Swain 

5.50 

0.48 

0.38 


Transylvania 

5.56 

0.40 

0.15 


Watauga 

5.10 

0.48 

0.20 


Wilkes 

6.40 

0.48 

0.31 


Yancey 

6.50 

0.30 

0.40 

Talladega silt loam 

Cherokee 

4.40 

0.30 

0.20 

Playesville silt loam 

Clay 

5.57 

0.24 

0.19 

Hayesville loam 

Madison 

5.40 

0.30 

0.31 

Hiawasse silt loam 

Clay 

4.57 

0.15 

0,25 

Hiawasse sandy loam 

Swain 

5.40 

0.32 

0.50 

Surry loam 

Surry 

6.05 

0.28 

0.20 

Average available boron 

0.35 

0.29 


* Hot water soluble, 
t 0*"6 inches, 
t G-“12 inches. 


EFFECT OF BORON ON PEANUT GRADE QUALITY 

Grade quality and yield are important factors in the economic production of 
peanuts. Low yields and poor grade quality have been attributed to various 
causes. They are often associated with low calcium and potassium supply. The 
possibility that low boron supply in the soil could also be a cause of low qualit}?' 
in peanuts led to investigation of this problem. 
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Fig. 1. Eig^ect of Boron Fertilization on Alfalfa Seed Heads 

Left, No boron applied. Few or no seed heads developed. 

Right, 1 p.p.m. boron applied. Normal seed head growth and development. 


TABLE 4 


Effect of boron on yields of alfalfa hay and seed at three locations in North Carolina 

in 1942 

Yields in pounds per acre 


BOKON ADDI- 
TIONS TO 


HAY YIELDS 



SEED YrELDS§ 


THE son. 

Location 

Location Bf 

Location Ct 

Location A 

Location B 

Location C 

p.p.m. 

0.0 

7,077 

4,903 

9,880 

17.9 

9.2 

30.1 

0.5 

1 ffZl 

5,307 

10,303 

133.9 

58.0 

132.1 

1.0 

7,649 

5,548 

11,295 

131.6 

64.0 

109.7 

1.5 

7,246 

5,472 

11,126 

133.5 

54.2 

172.7 


* Location A — Caswell County, Appling sandy loam, 0-6 inches; pH 6.65; excdiange 
capacity, 5.25, exchangeable Ca, Mg, and K, 3.68, 1.71, and 0.27 m.e./lOO gm. respectively 
(3); available P, 11.2 p.p.m. (14); organic matter, 2.57 per cent (15) ; available boron, 0.39 
p.p.m. 

t Location B — Davidson County, Georgeville clay loam, 0-6 inches; pH 7.10; exchange 
capacity, 9.4, exchangeable Ca, Mg, and K, 5.12, 1.92, and 0.86 m.e./lOO gm. respectively; 
available P, 17.86 p.p.m.; organic matter, 1.79 per cent; available B, 0.17 p.p.m. 

I Location C— Davidson County, Cecil sandy loam, 0-6 inches; pH 7.45; exchange ca- 
pacity, 4.3, exchangeable Ca, Mg, and K, 4.64, 0.90, and 0.33 m.e./lOO gm. respectively; 
available P, 196 p.p.m.; organic matter, 1.52 per cent; available B, 0.11 p.p.m. 

§ Seed yields from location C single plots only-difference in seed yields between treat- 
ments must be 48.35 pounds for significance. 

In the spring of 1942 seventeen field locations that were to be planted to pea- 
nuts were selected in the Coastal Plain region. The soils selected were of a sandy 
type similar to those listed in table 1, which were found to be low in available 
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boron. Borax was applied broadcast at a rate of 5 pounds per acre at planting 
time to a l-s^cre area, an adjacent area being used as a check. No visual differ- 

TABLE 5 

Effect of boron additions to the soil on boron content of alfalfa hay and seed 


Boron contents, oven-dry basis 


BOHON ADDI- 
TIONS TO 

BOKON CONTENT OF HAY* 

BORON CONTENT OP SEED 

THE SOIL 

Location Af 

Location B 

Location C 

Location A 

Location B 

Location C 

p.PM. 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

P-P.m. 

0.0 

15.0 

15.0 

15.0 

6.0 

10.0 

15.0 

0.5 

27.5 

25.0 

28.8 

15.0 

20.0 

20.0 

1.0 1 

32.5 

30.0 

30.0 

20.0 

20.0 

20.0 

1.5 

31.3 

30.0 

32.5 

20.0 

20.0 

20.0 


Boron contents given on second-cutting hay, or growth that produced the seed, 
t See footnote table 4 for soil analyses at locations A, B, and C. 


TABLE 6 

Germination of alfalfa seed grown under different boron levels 


BORON ADDI- 
TIONS TO 

GERMINATION 

HARD SEED 

THE SOIL 

Location A* 

Location B 

Location C 

Location A 

Location B 

Location C 

p.p.m. 

per cent 

per cent 

per cent 

per cent 

per cent 

per cent 

0.0 1 

85.0 

91.0 

74.0 

5.5 

2.5 

8.0 

0.5 

91.0 

91.0 

73.0 

3.0 

3.0 

6.5 

1.0 

92.0 

80.0 

84.0 

5.5 

5.5 

7.5 

1.5 

86.0 

82.5 

82.0 

3.5 

5.0 

4.0 


* See footnote table 4 for soil analyses at locations A, B, and C. 


TABLE 7 


Influence of boron on seed production of hairy vetch* 
Applications and yields in pounds per acre 


TREATMENT 

NUMBER 

FERTILIZER APPLICATIONS 

SEED YEELDt 

1 

INCREASE OVER 
NO-FERTlLIZER 
PLOT (no. 1) 

Slag 

Muriate 

j Dolomite 

Borax 

1 

0 

0 

0 

0 

42. 8t 


2 

0 

0 

0 

20 

72.2 

29.4 

3 

800 

50 


0 

69.8 ^ 

27.0 

4 

800 

50 


20 

83.2 

40.4 

5 


50 

400 

0 

75.7 

32.9 

6 


50 

400 

20 

112.0 

69.2 


* Unpublished data of H. R. Albrecht, Ala. Agr. Exp. Sta., Auburn, Ala. 
t Average of three replications. 

j Difference in yields between treatments must be 24.04 pounds for significance. 


ences were noted in growth during the summer between the check and the borax- 
treated areas. At time of harvest, 25 plants from each of the check and borax- 
treated areas were carefully removed at random from the soil with a hay fork 
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After air-drying for 30 days, the nuts were removed from the plants by hand. 
Shelling percentage and grade sizes of the nuts were determined. From the 
average of results shown in table 8 it is apparent that borax reduced shelling per- 
centage slightly and affected grade quality significantly. On an average, boiax 
decreased the percentage of small nuts slightly, significantly decreased medium 
nuts, and significantly increased large nuts. 

TABLE 8 


Effect of borax on shelling percentage and grade quality of peanuts 


COtJNTY 

riEUD 

ITUMBER 

VARIETY 

01EEERENCE 

IN SHELLING 
PERCENTAGE 

INCREASE OR DECREASE IN NUT 
SIZES DUE TO BORAX 



DUE TO BORAX 

Large* 

Mediumf 

Smallt 

Bertie 

1 

Runner 

-0.5 

per cent 

+5.83 

per cent 

-5.61 

per cent 

-0.22 


2 

Bunch 

-0.8 

+9.27 

-8.37 

-1.35 

Cbowan 

3 

Jumbo Runner 

-0.0 

+4.67 

-4.54 

-0.13 


4 

Jumbo M, Runner 

+3.2 

-4.58 

+1.10 

+3.48 

Gates 

5 

Bunch 

+0.5 

+1.84 

-0.65 

+2.49 


6 

Runner 

+2.9 

+1.13 

-0.71 

+1.84 


7 

Bunch 

-0.3 

-3.43 

-2.92 

-0.51 


8 

Bunch 

+0.6 

-1.51 

+1.03 

+0.48 

Hertford 

9 

Bunch 

-0.8 

+7.43 

-6.95 

-0.48 


10 

Bunch 

-3.5 

+22.02 

-13.17 

-8.85 


11 

Bunch 

-11.4 

+2.36 

-10.59 

+8.23 


12 

Runner 

+1.3 

+13.06 

-9.53 

-3.53 

Martin 

13 

Jumbo 

-0.6 

+13.16 

-3.16 

-10.00 


14 

Bunch 

-2.2 

+16.41 

-9.81 

-6.57 


15 

Small Runner 

-0.7 

-2.69 

+2.53 

+0.16 

Northampton 

16 

Bunch 

+0.6 

-1.51 

+1.03 

+0.48 


17 

Bunch 

+4.5 

+17.13 

-9.08 

-8.05 

Average 

Difference required for significance (.05) 

-1.78 

1.75 

+6,15 

4.05 

-4.74 

2.64 

-1.47 

2.42 


* Nuts remaining on a screen |J- by l-inch perforations, 
t Nuts remaining on a screen by 1-incb perforations. 
i Nuts passing a M- by 1-incb perforation. 


EFFECT OF BORON ON CRIMSON CLOVER SEED PRODUCTION 

Crimson clover was seeded at the rate of 25 pounds per acre on September 15, 
1942, at the College Dairy Farm on Cecil sandy loam soil. The soil was sampled 
to a depth of 6 inches, and is characterized as follows: pH, 6.4; exchange capacity, 
3.9; exchangeable Ca, Mg, and K, 2.06, 0.70 and 0.37 m.e./lOO gm. respectively; 
available P, 81.66 p.p.m.; organic matter, 1.93 per cent; available boron, 0.39 
p.p.m. The treatments involved 0 and 15 pounds of borax per acre each. Plots 
were replicated four times. An application of 300 pounds per acre of a 2-10-6 
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fertilizer was made to all plots at the time of seeding. Good stands were ob- 
tained on all plots. 

The no-borax series produced an average of 270.5 pounds of cleaned seed per 
acre, whereas the series receiving 15 pounds borax per acre produced an average 
of 390.5 pounds, or an increase of 120 pounds of seed, which was significant. No 
differences Avere noted in the germination equality of the seed produced. The 
boron content of the seed (oven-dry basis) produced under no-borax treatment 
was 4.5 p.p.m., and that of seed under borax treatment, 6.5 p.p.m. 

The increase in yield of crimson clover seed (fig. 2) due to borax addition is 
attributed to the growth of a more vigorous type seed head and the growth of 
fully matured, plump seed in the apical portion of the head. 



Fig. 2. Effect of Borax Fertilization on Seed Heads of Crimson Clover 

Left, No borax applied. Note lack of vigor and few matured seeds in apical portion 
of the head. 

Right, 15 pounds borax applied. Heads are vigorous and well filled with seed to apex. 

EFFECT OF BORON ON SOYBEANS 

Wood’s Yellow soybeans were seeded to Norfolk sandy loam in the spring of 
1942. The soil was sampled to a depth of 6 inches and is characterized as follows : 
pH, 5.8; exchange capacity, 2.6, exchangeable Ca, Mg, and K, 0.81, 0.22, and 
0.07 m.e./lOO gm, soil respectively; organic matter, 1.37 per cent; available P, 
55.02 p.p.m.; available boron, 0.25 p.p.m. Treatments consisted of four replica- 
tions each of a no-borax and a 20-pound borax per acre application broadcast 
previous to seeding. All plots received a row application of 200 pounds per acre 
of a 2-12-6 fertilizer. 

Borax caused burn on the young seedlings; a reduction in stand of 15.7 per 
cent, which w^as significant; and a reduction in height of 14.8 per cent. Borax 
treatment resulted in a 56 per cent increase in pods on the plants, which was 
highly significant. The check plots produced an average of 31.14 bushels per 
acre, whereas the borax-treated plots gave an average of 32.92 bushels per acre. 
No differences were noted in the germination quality or oil content of the seed. 

SUMMARY 

Available boron contents of Coastal Plain, Piedmont, and Mountain soils of 
North Carolina appear to be too low for the most economic production of legume 
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hays or seeds. The average available boron in the topsoils of each the Coastal 
Plain, Piedmont, and Mountain regions is 0.24, 0.27, and 0.35 p.p.m. re- 
spectively. 

The application of borax to soils low in available boron was effective in in- 
creasing seed yields of alfalfa, crimson clover, and hairy vetch. 

Borax applied to soil at the rate of 5 pounds per acre improi’ed grade quality of 

peanuts. 

The use of borax at a rate of 20 pounds per acre broadcast previous to plant- 
ing soybeans caused injury, with a reduction in stand and height. The borax, 
however, gave a highly significant increase in pods per plant, with no difference 
in yield. 

No consistent differences were noted in the germination quality of alfalfa, 
crimson clover, and so 3 ^beans produced at the various boron levels. 
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Comprehensive information on the use of borax in the legume-livestock pro- 
gram is not available for many important agricultural areas in the South. The 
South is by no means a uniform section of the country. The climate, soils, 
topography, and even the people themselves differ greatly. These and other 
factors contribute to a variable agriculture. Final conclusions of just how and 
where the use of borax is important in growing legumes and livestock, accord- 
ingly, are not justified. 

In Tennessee alone, for example, the Unaka Mountain area has a climatic and 
growing season similar to that around Chicago. Many different conditions can 
be seen in the 550 miles across the state to the Mississippi delta cotton-growing 
country. There are successful livestock farmers in all these areas of major 
differences, and the most successful of them now follow about the same pattern 
of legume forage production. 

Tennessee conditions have been covered fairly well with test demonstrations, 
using borax on legumes; and conditions in parts of most of the other Southern 
States compare with conditions in certain parts of Tennessee. This discussion, 
therefore, will be confined for the most part to Tennessee, as indicative, at least, 
of what may be expected elsewhere. 

It is a very well known fact that in the last few years the Southern States have 
been making gradual but significant advancements in agriculture. This has 
been brought about principally by an increase in forage production, both hay 
and pasture, and an increase in the numbers of livestock on farms. 

To illustrate, the increase in hay production between 1936 and 1942 was 51 
per cent in 11 Southern States (excluding Texas and Oklahoma), whereas in the 
United States as a whole, the increase was only 18 per cent. This has been re- 
flected in the number of forage-consuming animals kept on southern farms, and 
the trend is increasing the productivity of the land. 

During this same period, the dairy and beef cattle numbers increased in the 
Southern States 15 per cent, while in the United States as a whole, the increase 
was only 8 per cent. Grain production during this time did not increase sig- 
nificantly in the South. The increase in cattle numbers has been made possible 
almost entirely by the increase in hay and pasture. The cattle on southern 
farms have also been fed better, as indicated by the fact that the hay consumed 
per hay-consuming animal unit has increased 38 per cent, whereas in the United 
States as a whole, the increase was only 1 per cent. The grain feeding remained 
virtually the same. 

Since the South can not compete successfully with other sections of the country 
in grain production, it must take advantage of the more favorable long growing 
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season in the production of forage. To utilize this climatic advantage most 
successfully, at least two distinct disadvantages must be overcome: first, the 
naturally infertile and impoverished soil of the major part of the area; and second, 
the severe drouth normally experienced some time during the summer, the effect 
of which is naturally much worse on thin land. 

To overcome this first disadvantage, the use of limestone and fertilizer has 
been greatly increased. In Tennessee, for example, the use of limestone from 
1936 to 1942 increased over 200 per cent, and the use of fertilizer increased ap- 
proximately 100 per cent. This increase in lime and fertilizer use is enabling the 
growth of forage crops which will better withstand the hot, dry periods of summer 
and the production of pasture crops through the winter months, thus providing 
grazing intermittently throughout the year. 

In Tennessee this more diversified forage production program is essential to 
safeguard the livestock farmer by assuring adequate nutritious roughage to tide 
him over unfavorable seasons. Accordingly, livestock farmers have been ad- 
vised to provide themselves with feed insurance by producing moderate acreages 
of alfalfa for both hay and pasture, and also as much other winter grazing crops, 
including crimson clover and small grains, as their land and other facilities will 
permit, the acreage of these crops, especially alfalfa, has increased materially 
during the last few years. The use of borax is believed to be partly responsible 
for this increase and is expected to play a greater part in still further expanding 
that acreage. 

In 1936, a study of 472 farms classified as dairy farms was made to determine 
their forage production program. At that time, 27 per cent of these dairy farms 
grew alfalfa, averaging one-fourth acre for each cow on the farm. In 1942, 70 
per cent of these same dairy farms grew alfalfa, averaging 0.4 acre per cow. 
During this period the total milk production in Tennessee has increased 22 per 
cent, in comparison with 14 per cent increase for the Southern States and 16 per 
cent for the United States as a whole. 

In 1938, it was concluded that the acreage of aKalfa in Tennessee could not 
continue to be increased because profitable yields were not obtained over a long 
enough period to justify the cost of establishing a stand. It has now been proved 
that a major cause of failure was boron deficiency; and that by the use of borax 
along with limestone and fertilizer, alfalfa can be grown more successfully on the 
farms that had been growing it, and furthermore, that the acreage can be ex- 
panded successfully to farms and to types of soil on which alfalfa could not be 
grown profitably before borax application entered the Tennessee program of 
agriculture. 

In 1942, reports were obtained of the hay yields from 43 field demonstrations 
scattered over the state from the Unaka Mountains in east Tennessee to the 
Mississippi River. These fields were located on what may be termed, for Ten- 
nessee, good alfalfa land. The soil had all been limed, and phosphate was added 
where needed. The addition of 20 pounds of borax per acre increased the yield 
of hay on an average 26 per cent. Tennessee farmers have never used much 
potash, but on these demonstrations, where 200 pounds of muriate of potash was 
used in addition to the borax, the increase in yield was 42 per cent. 
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A few days ago an inquiry was made of the county agents of Tennessee as to 
how they thought the use of borax would affect the legume-livestock production 
in their particular counties. A few of the replies may be cited as typical: 

M. L. Alphin, of Hardeman Countjq a west Tennessee cotton county, border- 
ing the State of Mississippi wrote: 

It is a well understood fact that no livestock program can be any better than the feed 
produced for that livestock. Hardeman County is no exception to the rule that applies to 
all major cotton counties, and feed has been a very limiting factor in the livestock program. 
Feed, or the absence of it, can very easily determine the side of the ledger on which the red 
marks will appear. 

The experience of all of our demonstrators has been very good to excellent when borax 
was applied to alfalfa and red clover. Mr. E. F. Daniel, of the Saulsbury community, says 
that it means the difference between three tons of alfalfa hay per acre and practically no hay 
per acre. The experience that he has had has already been directly responsible for three 
other farmers applying borax to their alfalfa. This same experience has been very evident 
on all other demonstrations except one. This particular alfalfa demonstration was on real 
good land and has had almost every available kind of fertilizer applied except borax. 

It seems that with the good start we are getting with borax it will mean that we can grow 
feed for livestock on a par with farmers in the corn belt and others with high producing land. 
We would like to try borax on pastures to determine if it will help our grasses to stand the 
summer dry season, and if that should prove effective, I think it would mean more toward 
improving the livestock program than anything since the land was cleared years ago. 

The results of using borax have been most gratifying and I think we have just started in 
the field of fertilizer research. 

Alphin’s perspective toward a livestock program based on local feed production 
appears to be sound. 

From the letter received from County Agent Amos in the Upper East Ten- 
nessee Valley, it appears that a sounder and more practical livestock program 
will be developed. The letter, in part, follows: 

We have observed with considerable interest the results obtained from demonstrations 
involving the use of borax on alfalfa and certain other legumes. This practice has, without 
a doubt, proved to be practical on the soil types common in this county in our legume and 
livestock program, and there is every indication that such a practice will be common and 
widespread in the years ahead. 

Outstanding results have been noted in the case of alfalfa. The yield of hay has been 
substantially increased and the general appearance of the stand is greatly improved. This 
condition reflects itself particularly in lengthening the profitable life of the stand of alfalfa 
and certainly most farmers will agree that this factor alone is important after taking into 
consideration the economical production of forage together with the conservation of the 
soil. Recent hard rains have proved that the land should certainly be kept covered wher- 
ever practical. 

T. W. Hillsman, county agent in Madison County, reported the beneficial effect 
of borax w^hen applied on crimson clover. He said that on the gray land of that 
county, “Crimson clover often ^fires’ and finally the plants die. This did not 
occur when borax was used.^^ 

T. L. Mayes, in Franklin County, the largest crimson clover seed producing 
county in the United States, reported that borax increased the yield of seed, 
increased the viability, and ripened the crop about three days earlier. 
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G. L. Clelaiid, agent in one of the Middle Tennessee bluegrass counties wrote, 
^^It is my experience that borax increases the yield of alfalfa in this county an 
average of 20 per cent, and in addition, will maintain a stand a year or two longer, 
which will add another valuable increase. As a result of our demonstration, 
there is an increased acreage of alfalfa in this county.” 

Stanley Ezell, agent in Roane County, wrote that, “The use of borax on 
legumes has proved itself to be a practice that must not be omitted in the Roane 
County legume-livestock program. Our demonstrations show higher yields 
in practically every case, ranging from 20 per cent to 80 per cent.” 

J. Ben Thompson, agent in Cheatham County, said, “I think there is a great 
possibility in the use of borax on alfalfa and red clover in this county. The re- 
sults seem to be much greater on thinner soils.” This last statement is very 
significant, for ability to grow alfalfa successfully on thin soils is necessary. 

Another very interesting report was received from the county agent in Wayne 
County, who wrote that, “Two alfalfa demonstrators using borax claimed that 
the hay from the land treated with borax was eaten better by the livestock to 
which it was fed.” This sounds reasonable. The alfalfa was probably more 
palatable and nutritious because the leaves were greener and were retained better 
during the curing process, resulting in leafier, greener hay. 

These quotations from the county agents’ reports give a general picture of 
what the agents are thinking. During the last 4 years they have observed a total 
of over 900 demonstrations where borax has been used on alfalfa, red clover, and 
crimson clover. Their combined information and conclusions on any subject 
tested to this extent should be significant. 

A number of livestock producers in Tennessee appear to be pointing the way 
toward more efficient livestock production, using alfalfa, not only as a source of 
hay, but for pasturing during emergencies when other types of pasture are not 
available. They have found that aKaha properly treated, which, of course, 
includes the use of borax, can be grazed by all types of livestock, if judgment is 
used with respect to the severity of grazing. One of these farmers, Robert Bell, 
operates what might now be termed a dairy farm in Dyer County, which is a 
cotton and livestock county in West Tennessee. He seeded a 12-acre field of 
alfalfa in the fall of 1940 after he had limed it at the rate of 3 tons an acre. In 
the spring of 1942, he applied 100 pounds of triple superphosphate, 200 pounds of 
muriate of potash, and 20 pounds of borax per acre. He cut this alfalfa three 
times in 1942 with a yield of 1000 bales from the 12 acres, and then pastured it 
from the time his Korean lespedeza gave out in September until after frost, when 
crimson clover pasturage became available. An interesting observation was 
that, with the use of potash and borax as well as limestone and phosphate, he 
could grow alfalfa at least as successfully on his light buckshot type soil (Gren- 
ada) as he could on hi^ well-drained brown soil (Memphis) and that these mate- 
rials had increased enormously the acreage of his land adapted to alfalfa. 

Another dairy farmer, Henry Clark, in East Tennessee, turns dairy cows on his 
alfalfa in early October and grazes off what would normally be his last cutting. 
This is grazed until mid-November when he turns his cows on crimson clover 
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and small grain. This provides pasture until May of the following year, when 
he turns his animals on bluegrass and 'white clover, followed by grazing of les- 
pedeza in midsummer. Clark operates only 42 acres of tillable land, and he 
increased his annual income from $120 in 1932 to over $4000 last year. His 
principal income is from the 10-cow herd which he is milking. 

The importance of borax in legume seed production in the South is covered in 
another paper of this symposium. Seed in adequate quantities, and at the price 
which the farmer thinks he is justified in paying, is of great importance in the 
legume-livestock program. 

From experience, it is concluded that borax takes its place as a plant nutrient 
along with limestone, phosphate, and potash in the development of a legume- 
livestock program in Tennessee. The extent to 'which it should be used on crops 
other than those mentioned remains to be determined by further research and 
test demonstrations on farms. 
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Organic materials such as crop residues, barnyard manure, and cover crops 
have received considerable attention recently in connection with the conservation 
of soil and water as well as for increased crop production. Part of the favorable 
effect of organic matter, whether applied on the surface or incorporated with the 
soil, may be explained on the basis of improved physical condition of the soil. 
It is recognized generally that application of organic material increases the 
infiltration rate, decreases the tendency for soil particles to be dispersed by the 
beating action of raindrops, thereby reducing the loss through erosion, and im- 
proves the air-water relationship in soils. From the large amount of literature 
on the effect of organic material on soil fertility, it is evident that factors such as 
soil, climatic condition, microbial population, and type and amount of organic 
material influence the response that may be expected from the application of 
organic material under a particular condition. It is logical that these same 
factors will influence changes in physical properties of the soil, which directly or 
indirectly affect its susceptibility to erosion. The data presented herein show 
the effect of widely different organic materials and lime on aggregation in surface 
and subsurface samples of Gilpin and Holston soils 1, 3, 6, and 12 months after 
treatment. 


MATERIALS AND METHODS 

Bulk surface and subsurface samples were collected from Gilpin silty clay loam 
and Holston clay loam. These soils represent two important series in West 
Virginia. The Gilpin is an upland soil of shale and sandstone derivation; the 
Holston is of terrace origin. Certain of the physical and chemical properties 
of these soils are shown in table L 

The soils were passed through a 7-mm. screen. A small portion w^as saved for 
a check, and the remaining soil received a uniform fertilizer application consisting 
of 100 pounds per acre each of K 2 O and P 2 O 6 as muriate of potash and super- 
phosphate, respectively. Half of the soil was limed to approximately pH 6.5 
with precipitated CaCOs. Different organic materials, as shown in table 2, were 
added to the soil at the rate of 12 tons per acre of air-dry material. 

^ Contribution of the office of research, Soil Conservation Service, U. S. Department of 
Agriculture, and West Virginia Agricultural Experiment Station. Published as Scientific 
Paper No. 287 of the West Virginia Station. 

® Soil Conservationist, U. S, Department of Agriculture, Soil Conservation Service, 
Division of Research. 

® Cooperative Agent, Soil Conservation Service and the West Virginia Agricultural 
Experiment Station. 
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Earlier studies (3) indicated that the effect of organic matter on soil aggrega- 
tion varied at different dates after incorporation of the material with the soil. 
In the previous studies single pots were used as containers, and the samples for 
aggregate analysis were taken from the same pots after different periods of 
decomposition. The mixing and drying required for sampling at different dates 
materially affected the structural condition of the soil. To study the effects of 
organic material at different stages of decomposition, without introducing varia- 
tions due to mixing and dr5dng, the soils were placed in tin cans with a capacity 
of approximately 1 quart. Eight cans of each treatment were set up, which made 

TABLE 1 


Some 'physical and chemical characteristics of the Gilpin and Eolston soils studied 


soil. 

DEPTH OP 
SAMPLING 

pH 

SAND 

SILT 

CLAY 

SPECIPIC 

GRAVITY 

ORGANIC 

MATTER 


inches 


per cent 

per cent 

per cent 


per cent 

Gilpin 

0-6 

5.28 

16.9 

54.6 

28.5 

2.64 

1.95 

Gilpin 

7-12 

5.00 

14.6 ^ 

53.5 

31,9 

2.78 

0.59 

Holston 

0-6 

5.09 

33.8 

43.0 

23.2 

2.61 

2.57 

Holst on ' 

7-12 

4,65 

28.1 1 

39.0 

32.9 

2.66 

0.92 


TABLE 2 

Organic materials added to soils 


ORGANIC MATTER 

SOURCE OR STAGE OF MATURITY 

Alfalfa 

Hay 

Mature 

Mature 

Mature 

Mature 

German upland 
Succulent 

Succulent 

Hay 

Commercial 

Hay 

Mature 

Broomsedge 

Buckwheat straw 

Corn stover. 

Oat straw 

Peat moss 

Bye . . 

Bye and vetch 

Soybeans (grain, leaves, stems) 

Sucrose 

Timothy and alfalfa . 

Wheat straw 



it possible to take undisturbed duplicate samples for analysis 1, 3, 6, and 12 
months after treatment. Distilled water was added to bring the soils to a mois- 
ture content of 20 per cent, a value slightly less than the moisture equivalent. 
Each can was weighed and covered with wax paper to limit the amount of evap- 
oration. The cans were reweighed at regular intervals and distilled water was 
added to compensate for that lost by evaporation. 

Mechanical analyses were made according to the procedure outlined by Olm- 
sted et aL (10), Aggregate distribution was determined by the method described 
by Yoder (17). Earlier studies indicated that the stability of the aggregates 
varied, especially in certain soils, with the moisture content of the soil at the time 
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of analysis. In order to bring all soils to a comparable basis, therefore, all sam- 
ples were allowed to air-dry before aggregate analyses were made. Percolation 
rates were determined by the method outlined by Slater and Byers (14). Dis- 
persion ratios were calculated by dividing the >0.05-mm. fraction from the 
aggregate analysis determination by the >0.05-mm. fraction obtained after 
dispersion with sodium oxalate. From a limited number of samples studied, 
this method gave a close approximation to the values obtained with the method 
described by Middleton (8). 



Fig. 1. Effect of Diffekent Obganic Materials on the Percentage of Aggregates 
>0.25 MM. in an Unlimed Surface Sample of Gilpin Silty Clay Loam 
1 AND 12 Months after Treatment 


EXPERIMENTAL RESULTS 

Effect of different organic materials on aggregation 

The effect of different types of organic material on the percentage aggregates 
>0.25 mm. 1 and 12 months after application for the unlimed surface samples 
of the Gilpin and Holston soils are presented in figures 1 and 3. Corresponding 
results for the subsurface samples are sho^vn in figures 2 and 4. 

The minimum mean difference required for significance at the 5 per cent point 
was computed by analysis of variance (15) and is shown graphically in figures 1, 
2, 3, and 4. With this as a guide, it is possible to determine whether a significant 
difference exists between any pair of organic materials. For example, it is to be 
seen from figure 1 that for the 1 -month period the check and peat moss treatments 
do not differ significantly; all other materials except peat moss are significantly 
higher than the check, and sucrose is significantly higher than any other treat- 
ment. Similar comparisons can be made for all other combinations. 

In general, for the 1-month period, soil receiving carbonaceous materials such 
as oat straw, wheat straw, broomsedge, rye, buckwheat, com stover, and peat 
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moss, which are known to be more resistant to decomposition, contained fewer 
larger-sized aggregates than soil receiving materials with a higher content of 
nitrogen such as alfalfa, soybeans, rye and vetch, and timothy and alfalfa. 

‘oot— — 



Fig. 2. Effect of Different Organic Materials on the Percentage of Aggregates 
>0.25 MM. IN AN XJnlimed Sxjbsurface Sample of Gilpin Silty Clay 
Loam 1 and 12 Months after Treatment 



Fig. 3. Effect op Different Organic Materials on the Percentage of Aggregates 
> 0.2o mm. in an Unlimed Surface Sample of PIolston Clay Loam 
1 and 12 Months after Treatment 

The effect of the different organic materials on aggregation varied -with the 
soil. The Gilpin samples are high in silt and low in organic matter without 
adequate organic and inorganic colloidal material to bind the smaller particles 
together into larger aggregates. In soils of this type addition of organic material 
may be expected to have the maximum effect on aggregation. On the other 
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hand, there was little change in aggregation regardlesH of treatment in the 
Holston surface soil. This sample, taken from an area undisturbed by cultiva- 



>0.25 MM. IN AN Unlimed Subsurface Sample of Holston Clay Loam 
1 AND 12 AIonths after Treatment 



Sucrose 


Fig. 5. E,elative Structure in Gilpin Silty Clay Loam Surface Soil under Various 
Organic Materials 6 Months after Treatment 


tion for many years, is well aggregated, as shown in figure 3. The addition of 
organic material may be expected to have little if any effect on aggregation in 
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soils of this type that are ivell aggregated as the result of past treatment and the 
presence of adequate binding materials. 

The effect of certain materials in maintaining the structure in a condition 
favorable for rapid penetration of water is shown in figure 5, representing a sur- 
face view of the soil as found in the cans after 6 months. Water had been added 
from time to time to compensate for that lost by evaporation. The disturbance 
caused by pouring water from the beaker dispersed the surface of the check, 
sealing all large pores and reducing to a minimum the rate at which water enters 
the soil. On the other hand, the aggregates in the sucrose- and alfalfa-treated 
soil maintained their identity throughout the entire incubation period, and water 
added to the surface entered the soil soon after it was added. 



Fig. 6. Effect of Lime on the Pebcentage op Aggbegates >0.25 mm. in a Surface 
Sample of Gilpin Silty Clay Loam 12 Months after Treatment 


Effect of lime on aggregation 

The effects of lime on aggregation in the Gilpin surface soil and the Holston 
subsurface soil are shown in figures 6 and 7, respectively. These data represent 
the 12-month sampling period. Detailed data for the 1-, 3-, and 6-month sam- 
pling dates are not shown, because the results are essentially the same as for the 
12-month period. The minimum mean difference required for significance at 
the 5 per cent point, shown on the graph, makes possible comparisons of the 
effect of lime on aggregation in the presence of different organic materials. 
Figure 6 shows that lime caused a significant increase in aggregation when 
buckwheat, rye, broomsedge, oat straw, soybeans, or corn stover was the source 
of organic material. Liming caused no significant change in aggregation for the 
other mateiials except peat moss, which showed a decrease. It is of interest to 
note that most of the materials, which brought about increased aggregation 
when lime was added are the ones referred to previously as being more resistant 
to decomposition. 
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The effect of lime on aggregation is somewhat different in the Holston sub- 
surface soil (fig. 7). In this soil liming caused a significant decrease in aggrega- 
tion with all organic materials except rye, which showed only a small increase. 

The effect of lime on aggregation in the Gilpin subsurface soil and the Holston 
surface soil is not shown, because results, in general, were the same as for the 
Holston subsurface soil; that is, liming significantly decreased aggregation. 
These data show that lime alone caused no significant change in aggregation. 
This is in accordance mth previous investigations and data by Baver (1), Brad- 
field (2), Peele (11), Remisov and Ismaelairch (13), and others. Lime when 
added with different organic materials had a variable effect upon aggregation, 
depending upon the soil and the organic material. Although lime alone did not 
cause a significant change in aggregation, the indirect effect of lime on microbia 



Fig. 7 . Effect of Lime on the Percentage of Aggregates > 0.25 mm. in a Subsurface 
Sample of Houston Clay Loam 12 Months after Treatment 

activity and plant and root growth is a very important factor in the development 
and maintenance of a desirable soil structure. 

Effect of time on aggregation 

The effect of different organic materials on aggregation 1, 3, 6, and 12 months 
after application was determined for all soils studied. Comparison of the 1- and 
12-month periods for the unlimed soils can be made from figures 1, 2, 3, and 4. 
The percentage of aggregates >0.25 mm. in the unlimed Gilpin subsurface soil 
1, 3, 6, and 12 months after the application of different organic material is shown 
in figure 8. 

The data in figure 1 show that in the Gilpin surface soil there is a decrease in 
aggregation with time for all treatments with the exception of wheat straw, which 
shows a small increase. The Gilpin subsurface soil reacts somewhat differently, 
as shown in figure 2. The percentage of aggregates >0.25 mm. was increased 
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materially by wheat straw, oat straw, and corn stover at the 12-month period as 
compared to the 1-month period. On the other hand, there was a decrease in 
aggregation at the 12-month period when buckwheat, alfalfa, soybeans, or sucrose 
was the source of organic material. It is interesting to note that for the 12- 
month period, soil treated with wheat straw contains a higher percentage of large- 
sized aggregates than the soil under any other treatment except sucrose, which 
in all cases gives a higher percentage than any of the other treatments. 

The Holston surface soil (fig. 3), which is well aggregated, shows little change 
in aggregation with time or with different organic materials. In the Holston 
subsurface soil (fig. 4), wheat straw, oat straw, corn stover, timothy and alfalfa, 
alfalfa, sucrose, and peat moss show at the 12-month period significant increases 



Fig. 8. Peecentage of Aggeegates >0.25 mm. in an Unlimed Subsuepace Sample op 
Gilpin Silty Clay Loam 1, 3, 6, and 12 Months after 
Organic Matter Applications 


in aggregation over the 1-month period, though significant decreases occurred 
for the check and for rye. 

The data in figure 8 show the changes in aggregation in the Gilpin subsurface 
soil for all sampling dates for certain of the organic materials studied. In gen- 
eral, the changes with time were more or less gradual. Wheat straw, oat straw, 
and com stover brought about increased aggregation, whereas alfalfa, soybeans, 
and sucrose had reached or passed their maximum aggregating effect at the 1- 
month period and continued to show a decrease with time. 

To determine changes in aggregation for incubation periods of less than 1 
month, a supplemental experiment was conducted with the Holston surface soil 
and sucrose. The soil was prepared as described previously, and samples were 
taken for aggregate analysis 8, 20, and 30 days after treatment. The results are 
shown in figure 9. Within 8 days the particles >2.0 mm. in size had increased 
from 14.9 to 32 per cent whereas the fraction > 0 .25 mm. increased from 56 .7 to 


t 







Fig. 9. Effect of Added Sucrose on the Formation of Aggregates in Holston Clay 
Loam Surface Soil at Intervals of Less Than 1 Month 



Fig. 10. Effect of Sucrose on Carbon Dioxide Evolution from Holston Clay Loam 
Surface Soil at Different Time Intervals 
99 
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89.9 per cent. Little additional change occurred at 20 days, and a small increase 
in the >2.0 mm. fraction was found 30 days after treatment. 

The rate of sucrose decomposition was also studied by determining the CO 2 
evolved daily from the check and sucrose treatments. The data from this study 
are shown graphically in figure 10. Carbon dioxide evolution was very rapid 
from the sucrose treatment at the end of 1 day, reached its peak on the fifth day, 
and then decreased to approximately that of the check on the ninth day. The 
changes in type and number of microflora were not determined. However, since 
the rate of CO 2 evolution is related to biological activity, the number and activity 
of the soil microorganisms must have been materially increased. It appears, 

TABLE 3 


Effect of different types of organic matter and lime on the percolation rates of Gilpin silty clay 
loam and Holston clay loam surface and subsurface soils 1 month after treatment* 
Percolation rates in cubic centimeters per hour 


TREATMENT 

GILPIN SURFACE 
SOIL 

GILPIN SUBSURFACE 
SOIL 

HOLSTON SURFACE 
SOIL 

HOUSTON SUBSUR- 
FACE SOIL 

No lime 

Lime 

No lime 

Lime 

No lime 

Lime 

No lime 

Lime 

Check 

40.3 

33.0 

55.0 

34.0 

131.3 

134.0 

159.0 


Alfalfa 

60.0 

52.0 

131.0 

83.0 

792.9 

388.0 

571.0 

442.0 

Broomsedge 

67.0 

57.0 

116.0 

84.0 

406.0 

248.0 

406.0 

406.0 

Buckwheat 

55.3 


84.9 


323.3 


374.0 


Corn stover 

47.8 


91.9 


410.8 


315.0 


Oat straw 

46.0 

48.0 

117.0 

88.0 

356.0 

255.0 

387.0 

317,0 

Peat moss 

60.5 


60.9 


362.4 


233.0 


Bye 

58.0 ; 

62.0 

125.0 

74.0 

421.0 : 

319.0 

475.0 

303.0 

Bye & vetch . . 

66.0 


124.0 


379.8 


478.0 


Soybean hay 

45.3 


103.7 


591.2 


432.0 


Sucrose 

95.0 

83.0 

108.0 

69.0 

608.0 

362.0 

345.0 

293.0 

Timothy & alfalfa 

51.4 


112.0 


341.4 


495.0 


Wheat straw 

65.6 

61.0 

139.0 

94.0 

561.0 

484.0 

504,0 

387.0 


* Duplicate determinations usually checked within 2 or 3 cc. 


therefore, that the time of aggregate formation following the application of the 
sucrose was very closely related to biological activity. 

Percolation rates 

In general, the application of the different organic materials increased the 
number of large-sized aggregates. Under these conditions there should be more 
large-sized pores permitting more rapid movement of water through the soil. 

Table 3 shows the effect of different organic materials and lime 1 month after 
application on the percolation rates in the Gilpin and Holston soils. All ma- 
terials increased the percolation rate above that for the check, but there was 
considerable variation among different materials and among soil types. 

Lime, with a few exceptions, decreased the percolation rates for the treatment 
studied. The increase or decrease in aggregation due to liming, which was 
discussed above, did not appear to be correlated with percolation rate. The 
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percolate from the limed sample was highly colored, indicating the presence of 
a larger amount of colloidal material in suspension. This is in agreement with 
data by Myers (9) and others that organic colloidal material is more highly dis- 
persed when saturated with the calcium ion. The dispersed condition of the 
organic material may have been a factor in decreasing the percolation rates of 
these laboratory-packed samples. It should be recognized that laboratory per- 
colation rates at best are only an approximation of what may happen under field 
conditions. 


Stability of aggregates 

formed in a short time by special treatment have been spoken of as 
pseudo-aggregates and have been considered to have a very limited value in 
building a stable soil structure. It is generally thought that aggregates to be 
stable must have developed over a period of years and that the type and stability 

TABLE 4 


Effect of different organic materials and lime on the stability of aggregates in Gilpin silty clay 
loam surface soil 1 month after treatment 


TREATMENT 

tJNUMED 1 

LIMED 

Aggregates > 0.25 mm. | 

Stable 

aggregates 

Aggregates >0.25 mm. | 

Stable 

aggregates 

Before 

shaking 

After 

shaking 

2.0 min. 

Before 
j shaking 

After 
shaking 
2.0 min. 


per cent 

per cent 

per cent 

per cent 

per cent 

per cent 

Check 

30.7 

13.9 

45.2 

30.2 

13.0 

43.1 

Alfalfa 

55.1 

36,1 

65.5 

51.8 

25.0 

48.2 

Peat moss 

39.5 

12.2 

35.4 

37.7 

12.1 ^ 

32.1 

Sucrose 

74.4 ' 

47.2 

63.5 

74.0 

44.8 ' 

60.6 

Wheat straw 

41.4 

20.4 

49.4 ^ 

48.9 

25.3 

51.7 


of the aggregates formed depend upon the climatic conditions, the vegetative 
cover, and the physical and chemical properties of the soil. To obtain informa- 
tion on the stability of the aggregates in this study a 25-gm. sample of soil and 
100 cc. of distilled water were placed in a 500-cc. Erlenmeyer flask and shaken 
for 2 minutes at 25 r.p.m. in an end-over-end shaker before fractionation in the 
usual manner. Aggregates resistant to this treatment, which is purely ar- 
bitrary, were considered as stable. The percentages of stable aggregates in 
limed and unlimed Gilpin surface soil 1 month after treatment with certain or- 
ganic materials are shown in table 4. 

From these data it is evident that the aggregates formed in the alfalfa and 
sucrose treatments in the unlimed soil were stable under the conditions of this 
experiment. Wheat straw increased the stability of the aggregates formed 
above that of the check, although the difference may not be signi&ant; peat 
moss decreased the percentage of stable aggregates. The use of lime in addition 
to organic matter decreased the stability of the aggregates formed as compared 
to organic matter alone. 
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The data in table 5 show the stability of aggregates in Carrington silt loam 
from Minnesota, and Aiken clay loam from Oregon. The aggregates in these 
soils have developed over a long time imder natural conditions. The Aiken soil 
has 63.9 per cent and the Carrington 33.0 per cent stable aggregates >0.25 mm. 
in diameter after shaking for 2 minutes in an end-over-end shaker. The alfalfa 
and sucrose treatments (table 4) resulted in 65.5 and 63.5 per cent stable aggre- 
gates respectively. On the basis of these data, therefore, aggregates formed 
during a short time are stable. However, if no additional treatment were given 
and the soils were all subjected to the same conditions for a period of years, it is 
probable the initial aggregating effect of the organic matter treatment would 

TABLE 5 


Stability of aggregates in Carrington silt loam and in Aiken clay loam 


SOIL 

AGGREGATES > 0.25 MM. 

STABLE AGGREGATES 

Before shaking ' 

After shaking 

2 minutes 


per cent 

per cent 

per cent 

Aiken clay loam 

42.3 

27.0 

63.9 

Carrington silt loam 

56.2 

18.5 

33.0 


TABLE 6 

Correlation coefficients of aggregation and dispersion ratio in Gilpin silty clay loam and 
Holston clay loam surface and subsurface soils 


COXEELATION COETTICIENT* 


CHARACTERISTICS CONSIDERED 

Gilpin 

Holston 

Surface 

Subsurface 

Surface 

Subsurface 

Aggregates > 0.25 mm. and dispersion 





ratio 

-.93 

-.85 

-.62 

-.89 

Aggregates >1.0 mm. and dispersion 





ratio. 

-.71 

-.62 

-.52 

-.66 


* Value of r at the 1 per cent point is 0.25. 


disappear, whereas the aggregates in the Carrington and Aiken soils would be 
less subject to change. The wide difference in the stability of the aggregates in 
the Carrington and Aiken soils is further evidence that aggregate analysis by a 
given procedure may fail to characterize the structural condition of soils in rela- 
tion to their susceptibility to erosion. 

Relation of aggregation to the dispersion ratio 

Dispersion and aggregation should be closely related. A change in dispersion 
ratio may not necessarily give a corresponding change in aggregates >0.25 mm., 
however, since the finer soil particles which form aggregates as the result of a 
particular treatment do not necessarily distribute themselves uniformly through- 
out the size range of particles. The data collected in this study include a wide 




Aggregotes > 0.25 mm.Cperccnt) 

Fig. 11. Relation of Dispersion Ratio to Aggregates >0.25 mm. in Gilpin Silty Clay 
Loam Surface Soil Treated with 13 Organic Materials, XJnlimed 
AND Limed, 1, 3, 6, and 12 Months after Treatment 




Aggregates >1.0 wfn.{ percent) 

Fig. 12. Relation of Dispersion Ratio to Aggregates >1.0 mm. in Holston Clay 
Loam Surface Soil Treated with Various Organic Materials, Limed 

AMn ITm.TMWn. 1. .3. fi- AND 12 MONTHS AFTER TREATMENT 
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range in treatment and offer an opportunity to compare dispersion ratio and 
aggregation as criteria of effectiveness of organic matter treatments. 

Simple correlation coefficients between dispersion ratio and aggregates >0.25 
mm. and aggregates >1.0 mm. are presented in table 6. The negative correla- 
tion between these variates is highly significant. 

The correlations between aggregates >1.0 mm. and the dispersion ratio are 
not so high as similar figures for the relation between aggregates >0.25 mm. and 
the dispersion ratio. The failure of the two methods to give the same general 
picture can be inore readily seen from the scatter diagrams, figures 11 and 12, rep- 
resenting respectively the highest and the lowest relationship found. For the 
Gilpin surface soil the same general conclusion would have been reached by 
grouping aggregates >0.25 mm. or by using the dispersion ratio. Comparing 
aggregates >1.0 mm. and the dispersion ratio in the Holston surface soil reveals 
that the effect of certain treatments would be considerably different when 
measured by the two methods. It is not known which of the two more nearly 
characterizes soil structure as related to erodibility. Possibly one of the many 
other methods of grouping used by other investigators would be more satisfac- 
tory. Unless definite evidence is available to show the need for the different 
grouping it would aid materially in interpreting aggregate analysis data to have 
all results reported on some uniform basis. 

DISCUSSION 

Soil type and past management materially influence changes in aggregation 
resulting from a single application of organic material. It has been shown 
previously (3) that soils containing a high percentage of an active inorganic 
colloidal material or of organic matter have more cementing material present, 
and the effect of additional organic matter in improving the physical properties 
of the soil is minimized. Sandy soils are a somewhat different problem. The 
amount of silt and clay in proportion to the sand is often too small to produce 
other than a single-grain structure. The application of organic matter under this 
condition will have little, if any, effect upon aggregation of the soil. It is not 
definitely known what proportions of sand, silt, and clay are necessary for 
organic matter to show changes in aggregate distribution. This will vary not 
only with percentages of the different fractions present, but also with the size 
and type of the different fractions. Studies of the effect of cover crops on soils 
containing varying amounts of sand show that little, if any, effect can be expected 
in sandy soil with a silt and clay content almost high enough to class the soil as 
a silt loam. In view of the extremely rapid changes in aggregation and the 
tendency for the effect to disappear with time, however, it is possible that in 
these studies the aggregating effect had already disappeared. The amount of 
material turned under with a cover crop is generally much less than was applied 
in this study, and the changes in aggregation are relatively small for the low rates 
of organic materials (4). 

It is significant from the standpoint of water relationships and erosion control 
that different organic materials vary in their effect upon soil aggregation. The 
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materials that are resistant to decomposition will have little, if any, effect upon 
the size distribution of the soil aggregates but will be effective over a longer 
period in an actual mechanical loosening of the soil. The materials that decomL- 
pose rapidly will bring about rapid changes in the soil properties which should 
be instrumental in decreasing erosion. This may be of value in certain instances 
in connection mth turning under cover crops, with barnyard manure, or with 
various methods of handling crop residues. The use of these materials would be 
especially helpful if the land is planted to corn or some other intertilled crop that 
leaves the soil unprotected during the time of year when a large number of intense 
storms occur. 

It is evident that the initial rapid change in aggregation resulting from a single 
application of organic materials is directly or indirectly related to biological 
activity. The improved physical condition is probably the combined effect of 
the by-products of decomposition, whether transitory or stable, and the large 
amount of cells and materials S 3 mthesized by the microorganisms. This is in 
accordance with data by Peele (12) which show that sucrose added to a sterile 
soil without inoculation did not affect aggregation, but when the soil was in- 
oculated with a bacterial culture the percentage of water-stable aggregates 
increased rapidly. He found that the stability of the aggregates seemed to vary 
with the viscosity of the mucus produced by the various organisms, the most 
viscous mucus producing the most stable aggregates. ' Also of interest in con- 
nection with the different types of organic material used in the study is the fact 
that not all organisms affect the soil to the same degree (6, 7, 16) and that certain 
organisms are present in large numbers during stages when the different materials 
of decomposition are present. 

Recent studies (5) on the physicochemical combinations of organic materials 
and clay minerals found commonly in soils may be helpful in explaining the dif- 
ferences found in the amount and stability of aggregates formed following the 
application of organic materials of different chemical composition to soils con- 
taining clay minerals that differ in their physical and chemical properties. 

SUMMARY 

The effect of a single application of different organic materials and lime on 
aggregation in surface and subsurface samples of Gilpin silty clay loam and 
Holston clay loam may be summarized briefly as follows: 

Organic materials that decompose rapidly increase aggregation within a few days after 
they are incorporated with the soil, have their maximum effect in about 20 to 30 days, and 
then gradually lose their effectiveness with time. The materials that are slower to decom- 
pose require a longer time to exert their binding effect but continue to be effective over a 
longer period. Materials that are relatively inert have little, if any, effect upon aggrega- 
tion. 

liime when added with the different organic materials signiffcantly decreased aggregation 
in the subsurface samples of the Gilpin and Holston soils and in the Holston surface soil. 
In the Gilpin surface soil lime significantly increased aggregation when added with buck- 
wheat, rye, broomsedge, oat straw, soybeans, or corn stover; decreased aggregation with 
peat moss ; and did not cause a significant change in the other organic materials studied. 
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The percolation rate of laboratory-packed samples appears to be affected both by the 
mechanical loosening of the soil and the aggregating effect of the organic material. In 
general, lime decreased the percolation rate. The organic colloidal material was more 
highly dispersed in the presence of lime, which may have been a factor in decreasing the 
percolation rate. 

Aggregates formed in a short time from a single application of organic material were rela- 
tively stable under the conditions of this study. The dynamic nature of aggregation in 
soils necessitates carefully controlled conditions if results are to be comparable between 
and within seasons. 

The relation of aggregate distribution to the dispersion ratio varies with different soils 
and with the type of organic material. Correlation coefficients between different grouping 
of aggregates and the dispersion ratio are shown. 

In general the addition of organic material to these soils improved some of the physical 
characteristics which are recognized as affecting the susceptibility of a soil to erosion. 
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Since 1938 a study has been under way of the seasonal changes of oxygen and 
carbon dioxide percentages in gas taken from orchard subsoils. Several papers 
have been wiitten on the work as it has gone along (3, 4, 5, 10). This article is 
concerned with the ^‘average’’ seasonal changes of oxygen and carbon dioxide 
percentages in three soil types at different distances from the soil surface, and 
with the variations from average occurring in the years studied thus far. 

SAMPLING LOCATIONS 

Two permanent gas sampling stations were located 3 feet from the trunks of 
bearing McIntosh apple trees growing on each of three soil variations in the 
Cornell University orchard, Ithaca, N. Y. The soils^ are a sandy loam, a light 
silty clay loam, and a silty clay. 

The sandy loam soil is rather uniform in texture and structure to a depth 
below 6 feet. The field moisture capacity of the subsoil la.yer is about 22 per 
cent of volume, and total porosity is about 38 per cent of volume, the 16 per cent 
difference representing the macropore space. 

The light silty clay loam soil is also rather uniform in texture and structure 
to a depth below 6 feet. The field moisture capacity of the subsoil layer varies 
between about 36 and 38 per cent of volume, total pore space varies between 
about 41 and 45 per cent, with about 6 to 8 per cent of volume as macropore 
space. 

The silty clay soil is heavier in texture in the upper 3 feet of the profile and is 
more compact at a depth of 4 feet and below than is the light silty clay loam soil. 
Because of the heavier texture and greater compaction, the soil volume repre- 
sented by macropore space decreases from about 6 per cent at a depth of 1 foot 
to 1 per cent or less below 3 feet. 

The topography at all locations is gently rolling. The soil surface imme- 
diately above the sampling wells has been kept clear of vegetation. Quack grass 
covered the surface of the soil adjacent to the sampling locations. 

METHODS OF SAMPLING AND ANALYSIS 

Soil air samples were taken under partial vacuum from wells that had been 
placed previously at the desired depths, A sampling well consists of a piece of 
20-mm. glass or copper tubing 75 mm. long, filled with glass wool, open at the 
bottom and closed at the top with a one-hole rubber stopper. Inserted in the 

1 These soils are described more fully in an earlier publication (5). 
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stopper and connecting the inside of the well with the surface of the ground is a 
l-inch copper tube. This tube is sealed into the ground above the well with 
pulverized subsoil that is compacted into a dense plug. 

A mercury pump is used to draw the gas samples into 35-cc. glass-stoppered 
bottles, and the samples are analyzed by the Haldane method (9). On the 
basis of studies of the method (3), the following routine procedure has been 
adopted: 150 cc. of gas is withdrawn; then two 35-cc. bottles are filled with gas 
consecutively. These constitute the duplicate samples taken from a well. 

TABLE 1 


Monthly precipitation at the United States Weather Bureau, Ithaca, New York 

In inches 



1938 

1939 

1940 

1941 

1942 

1938-1942 

AV. 

74-'SfEAE 

AV. 

January 

1.72 

2.82 

0.72 

1.46 

1.30 

1.60 

2.08 

February 

2,16 

3.21 

3.25 

l.p5 

1.90 

2.31 

1.87 

March 

1.12 

2.82 

3.47 

1.87 

4.90 

2.84 

2.35 

1st quarter 

5.00 

; 8.85 

7.44 

4.38 

8.10 

6.75 

6.30 

April 

2.52 

2.51 

3.59 

2.68 

1.53 

2.57 

2.48 

May 

2,43 

1.84 

5.35 

1.59 

3.31 

2.90 

3.38 

June 

2.25 

2.41 

4.37 

3.24 

2.39 

. 

2.93 

3.63 

2nd quarter 

7.20 

6.76 

13.31 

7.51 

7.23 

8.40 

9.49 

July 

2.31 

3.17 

2.87 

6.42 

5.54 

4.06 

3.48 

August 

3.59 

1.46 

2.73 

1.57 

4.68 

2.81 

3.21 

September 

6.71 

2.86 

2.79 

1.03 

3.54 

3.38 

3.03 

3rd quarter 

12.61 

7.49 

8.39 

9.02 

13.76 

10.25 

9.72 

October 

0.59 

2.49 

1.87 

1.73 

2.90 

1.92 

2.91 

November 

2.22 

0.55 

1.73 

1.78 

3.02 

1.86 

2.40 

December 

2.42 

2.76 

2.44 

2.25 

5.56 

3.09 

2.20 

4th quarter 

5.23 

5.80 

6.04 

5.76 

11.48 

6.87 

7.51 

Year 

30.04 

28.90 

35.18 

26.67 

40.57 

32.27 

33.02 


Analysis is completed, with few exceptions, within 24 hours of the time of 
sampling. 


PRECIPITATION 

Precipitation at the Ithaca Weather Bureau for the period under study is sum- 
marized by months and quarters in table 1. In the 6-year period, 1938-1942, 
average annual rainfall was 32.27 ; this was 0.75 inch below the 74-year average 
at Ithaca. In 1938, 1939, and 1941, annual rainfall was below normal. In 
1940, rainfall was 2 inches above normal; and in 1942, there was an excess of 
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TABLE 2 

Monthly mean air temperatures at the United States Weather Bureauj Ithaca, New York 


In degrees F. 



1938 

1939 

1940 

1941 

1942 

1938-1942 AV. 

January 

25.2 

26.4 

1 15.3 

24.0 

25.0 

23.2 

February 

28.9 

28.8 

22.8 

23.6 

21.4 

25.1 

March 

40.2 

32.2 

26.3 

27.6 

37.3 

32.7 

April 

48.2 

43.5 

40.7 

51.6 

50.5 

46.9 

May 

56.2 

60.8 

56.4 

58.0 

60.2 

58.3 

June 

66.4 

67.0 

65.4 

68.2 

67.0 

66.8 

July 

72.5 

71.8 

70.4 

72.6 

70.6 

71.6 

August 

73.2 

73.6 

67.2 

66.8 

67.6 

69.7 

September 

57.8 

64.0 

59.6 

64.3 

61.3 

61.4 

October 

53.2 

51.2 

47.3 

53.2 

53.2 

51.6 

November 

41,3 

36.8 

38.8 

43.6 

40.0 

40.1 

December 

30.4 

30.2 

32.5 

32.5 

25.0 

30.1 


TABLE 3 

Soil temperatures* at different depths under quack grass cover in the Cornell University 
Orchard, Ithaca, New York, 1941-194^ 


In degrees F. 



l-FOOT 

DEPTH 

2-foot 

DEPTH 

3-foot 

DEPTH 

4-FOOT 

DEPTH 

S-FOOT 

DEPTH 

6-foot 

DEPTH 

mi 

April 21 

53 

48 

44 

42 

41 

40 

May 6 

51 

48 

46 

44 

43 

42 

May 27 

57 

52 

50 

48 

46 

45 

June 12 

59 

57 

56 

54 

52 

51 

June 30 

69 

64 

60 

57 

54 

53 

August 9 

64 

61 

60 

59 

57 

54 

September 5 

66 

63 

61 

60 

59 

58 

October 7 

63 

60 

58 

57 

56 

55 

November 27 

44 

46 

48 

50 

52 

52 

m2 \ 

January 23 

40 

41 

43 

45 

46 

48 

March 19 

42 

43 

44 

45 

46 

47 

March 27- 

43 

44 

44 

45 

47 

46 

April 29 

54 

51 

50 

48 

47 

46 

May 26 

53 

53 

52 

51 

49 

49 

June 15 

59 

59 

57 

54 

51 

50 

June 26 

59 

58 

56 

55 

54 

52' 

August 19 

64 

62 

60 

59 

57 

55 

September 16 

64 

61 

60 

59 

58 

56 

October 12 

53 

55 

56 

55 

55 

55 

November 9 

46 

49 

51 

52 

53 

54 







* Each figure represents the mean of temperature readings on six thermocouples, two 
of which were in the sandy loam soil , two in the light silty clay loam soil , and two in the silty 
clay soil. 



110 


BAMON BOYOTON ANB O. C. COMPTON 


more than 7 inches over the long-time average. In the 5-year period, there were 
four quarters during which precipitation was more than 10 inches: the third 
quarter of 1938, the second quarter of 1940, and the third and fourth quarters of 
1942. Rainfall during July, 1941, amounted to 6.42 inches. 

AIR AND SOIL TEMPERATURE 

Monthly mean air temperatures at the Ithaca Weather Bureau for the 1938- 
1942 period are recorded in table 2. 


TABLE 4 

Fluctuations of ground water during the early growing season at the gas sampling locations, 
Cornell University Orchard, Ithaca, New York, 1938-194-2* 


Month 

APRIL . 

MAY 

JUNE 

JXTLY 

Week. 

3rd 

4th 

1 

1st 

2nd 

3rd 

4th 

1st 

1 2nd 

3rd 

4th 

1st 

2nd 

3rd 

4th 




Distance of ground 

water 

from soil surface (inches) 



1938 















Light silty clay loam. , . 

7 

24 

32 

38 

24 

41 

t 

t 

t 

t 

t 

t 

t 

t 

Silty clay 

2 

10 

14 

22 

1 8 

19 

i 27 

t 

t 

t 

t 

t 

t; 

t 

1939 















Light silty clay loam. . . 

t 

9 

28 

40 

t 

t 

t 

t 

t 

t 

t 

t 

t 

t 

Silty clay 

t 

6 

22 1 

30 

44 

t 

t 

t 

t 

t 

t 

t 

t 

t 

mo 















Light silty clay loam. . . 

26 

15 1 

13 

28 

t 

20 

13 

34 

t 

t 

32 

44 

t 

t 

Silty clay 

14 

15 

13 

18 

18 

18 

17 

26 

40 

43 

21 

32 

39 

t 

1941 















Light silty clay loam. . . 

13 

31 1 

t 

37 

t 

t 

t 

t 

t 

t 

t 

t 

t 

t 

Silty clay 

16 

20 1 

t 

22 

t 

37 

39 

t 

t 

39 

t 

t 

t 

t 

1942 















Light silty clay loam. . . 

24 

t 

43 

t 

t 

27 

{ 

t 

t 

t 

t 

t 

t 

t 

Silty clay 

14 

t 

23 

■t 

t 


t 

35 

t 

40 

t 

t 

t 

t 


* Eacli figure is the average of two determinations at a distance of 10 feet from the 
experimental trees. The measurements were made in open-sided cylinders of light sheet 
iron 1 inch in diameter and 4 feet long, placed in holes made by a California soil tube (11). 
f Ro water in the ground-water tube, 
t No measurements made. 

No records of soil temperature were taken prior to 1941 . The seasonal changes 
of soil temperature at the different sampling depths in 1941 and 1942 are indi- 
cated in table 3. 

GEOUND WATER AND SOIL MOISTURE 

The seasonal decrease in accumulated gra-vitational water in the pores of the 
two heavier soil profiles is indicated in table 4. There was no “ground water” 
at any time in the sandy loam subsoil at the depths sampled. 
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Unfortunately it was impossible to measure quantitatively the seasonal drying 
of these soil profiles at the sampling stations without risking a change of the 
experimental conditions. However, the seasonal trend of soil moisture in 1942 
is indicated in table 5 in the resistance readings on Bouyoucos gypsum blocks 
(1) inserted at the gas sampling depths under apple trees adjacent to the ones 
under experiment on the two heavier soil profiles. As the large single-grained 

TABLE 5 

Resistance readings* on Bouyoucos soil moisture blocks set in two orchard soils at different 

depths, 194^ 


Log R in ohms 


DATE 

SILTY CLAY 

LIGHT SILTY CLAY LOAM 

1-foot depth 

3-foot depth 

S-£oot depth 

1-foot depth 

3-foot depth 

S-foot depth 

Jan. 23 

3.10 

3.01 

3.72 

3.63 

3,80 

3.86 

Mar. 19 

2.91 

2.71 

2.66 

2.95 

2.79 

2.74 

Mar. 27 

2.95 

2.65 

2.63 

2.96 

2.76 

2.70 

Apr. 29 

3.08 

: 2.57 

2.57 

2.91 

2.65 

2.62 

May 26 

2.95 

2.54 

2.44 

2.90 

2.69 

2.60 

June 15 

4.60 

2.90 

2.54 

4.35 

3.77 

2.83 

June 26 

4.78 

3.42 

2.72 

4.68 

4.56 

3.33 

July 23 




4.40 

4.73 

4.24 

Aug. 19 

4.36 

2.65 

2.70 

3.74 

4.52 

4.21 

Sept. 16 

4.60 

3.63 

2.99 

4.94 

4.99 

4.57 

Oct. 12 

4.63 

3.93 

3.07 

5.08 

4.75 

4.58 

Nov. 19 

3.54 

2,70 

2.57 

4.37 

4.20 

3.72 


* Each figure represents the mean of resistance readings on two gypsum blocks which 
were fitted tightly into holes cut into the face of a ditch. The ditch was filled after the 
blocks were set. Edlefsen, Anderson and Marcum (7) in careful calibrations under field 
‘conditions found that at field moisture capacity the electrical resistance of these blocks 
buried in soils of widely different textures was about 500 ohms, and the resistance of blocks 
buried in soil at the permanent wilting percentage was about 500,000 ohms with most of 
the available water exhausted from the soil when block resistance was 10,000 ohms. 


particles of the sandy loam subsoils did not furnish satisfactory capillary connec- 
tion with the gypsum blocks, no data are presented for that soil. 


AVEEAGE SEASONAL CHANGES OP OXYGEN AND CAEBON DIOXIDE PERCENTAGES 

IN SOIL GAS SAMPLES 

Graphs of the average seasonal changes of oxygen and carbon dioxide per- 
centages of soil gas sampled at 1-, 3-, and 5-foot depths in the three soils during 
the 1938-1942 period are presented in figure 1. Each point on these graphs is 
the mean of the oxygen or carbon dioxide analyses of gas samples taken during 
a 1-month period throughout the 5 years. Since the dates of sampling varied 
from year to year, a single point represents the average of 6 to 20 analyses. In 
general, the points for the period from April to November represent averages of 
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Fig. 1. Noemal Seasonal Changes op Oxygen and Cakbon Dioxide Percentages in 
Gas FROM Different Depths in a Silty Clay, aLight Silty Clay Loam, 

AND A Sandy Loam Subsoil 

12 to 20 analyses, and the points for the remainder of the year represent averages 
of 6 to 12 analyses. 

In determining a mean oxygen percentage for a 1-month period (fig. 1), 
oxygen percentage was recorded as zero for dates when no gas sample could be 
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obtained from a well. In the case of the mean carbon dioxide level, the averages 
are based on actual carbon dioxide analyses only. 

SEASONAL CHANGES OF OXYGEN PERCENTAGE IN SOIL GAS SAMPLES DURING 

THE 5- YEAR PERIOD 

Figure 2 shows the changes of oxygen percentage in gas samples taken at 1-, 
3-, and 5-foot depths in the three soils, and the cumulative annual rainfall for 



Fig. 2. Accumulated Peecipitation and Seasonal Changes of Oxygen Percentage in 
A Silty Clay, a Light Silty Clay Loam, and a Sandy Loam 
Subsoil during a 5-Year Period, 1938“1942 

each of the 5 years under study. Each point on the oxygen curves represents 
the average of the determinations from two gas sampling stations. 

RESULTS 

N ormal seasonal trends 

Atadepthof 5 feet in the silty clay subsoil, oxygen was restricted to a quarter 
or less of the partial pressure found in normal air during the period from about 
February 1 to July 1 (see figure 1). In the period from September to December, 
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oxygen reached a maximum percentage three quarters of that found in normal 
air. The same trend occurred in the light silty clay loam profile at that depth, 
but the mean oxygen percentages were consistently higher. In the sandy loam 
soil at the 5-foot depth, the oxygen percentage remained higher throughout the 
year than in either of the other soils, and the minimum, 15 per cent of volume, 
was not reached until midsummer. 

At the 3-foot and 1-foot depths, the oxygen percentage in the two heavier soils 
followed the same general pattern as at the 5-foot depth. Minimum values oc- 
curred during late winter and early spring; maximum values, in late summer and 
autumn. But the period of restricted oxygen percentage was shorter, and the 
minimum levels were higher at the 3-foot depth than at the 5-foot depth, and 
at the 1-foot depth than at the 3-foot depth. 

In the sandy loam subsoil the oxygen percentage was only slightly below that 
of air at the 3-foot and 1-foot depths. At these depths, as at the 5-foot depth 
in the sandy loam soil, the oxygen curves dipped to minimum levels in midsummer 
instead of in early spring. 

Carbon dioxide percentage was higher in gas from the heavier subsoils than 
in gas from the sandy loam subsoil and increased with depth. The fluctuation 
during the growing season was much less than in the case of oxygen percentage. 
For a given soil and depth, the maximum percentages seemed to occur during 
midsummer. 

Reasons for normal seasonal changes in gas composition 

In the heavier profiles the lowest oxygen levels occurred when soil moisture 
was highest, and often coincided with the time when gravitational water was 
present (fig. 1 and tables 4 and 5). Soil temperature was close to the minimum 
for the year during this period (table 3). Thus it seems probable that in the 
heavier profiles the minimum oxygen levels were primarily caused by restricted 
opportunity for gaseous diffusion, despite temperatures that were relatively 
unfavorable for biological activity. 

In the sandy loam subsoil, the normal minimum oxygen level seemed to occur 
in midsummer, when soil moisture was relatively low but when soil temperature 
was close to maximum. This seems to indicate that with opportunity for 
diffusion relatively favorable throughout the year, temperature was the most 
important factor controlling the oxygen percentage of the subsoil atmosphere. 
That is, the rate of biological activity in the subsoil was great enough during the 
period of highest temperatures to depress the oxygen level of the subsoil air a 
little. 

Carbon dioxide percentages (fig. 1) varied less during the growing season than 
did the oxygen percentage. In all three soils at the three different depths, 
average carbon dioxide percentage reached a maximum in midsummer, when 
soil temperature was high. This was presumably due to the relatively high rate 
of biological activity in midsummer. The solubility of CO 2 in water and, in some 
layers, the formation of calcium bicarbonate when carbon dioxide was present 
doubtless removed from the soil gas a larger proportion of the carbon dioxide 
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evolved in respiration during the winter months w'hen the rate of activity was 
low than in the summer months when the rate was higher. 

V aviations from normal in seasonal trends of oxygen percentage 

Figure 2 gives a continuous chart of the seasonal fluctuations of oxygen per- 
centage at 1-, 3-, and 5-foot depths in these soils for the period 1938--1942. The 
normal seasonal trends, shown in figure 1, are evident in all of the 5 years. The 
figure also shows the differences in the oxygen curves for the different years — 
differences that seemed to be mainly associated mth rainfall. 

In 1939 and again in 1941, precipitation was considerably below normal. In 
1940 and in 1942, precipitation was above normal. The percentages of oxygen in 
gas samples at the 5- and 3-foot depths rose from the minimum levels earlier in 
the spring, reached higher maximum levels, and remained relatively high longer 
in 1939 and 1941 than in the years of greater rainfall. 

Rainfall for one month exceeded 6 inches in September, 1938, and in July, 
1941. In both instances the rainfall for the previous month was more than 3 
inches, and the rainfall for the month following was very low. Under those 
conditions, there appeared to be a marked temporary depressing effect of the 
heavy precipitation on the subsoil oxygen percentage. 

Rainfall for a 2-month period in the growing season approached 10 inches in 
May and June, 1940, and in July and August, 1942. In 1940 the time of mini- 
mum oxygen level for the heavy soils was prolonged by the above-normal rain- 
fall; in 1942 the heavy rainfall stopped the rise in oxygen percentage in gas from 
the heavier subsoils, and in some cases caused a slight temporary drop in oxygen 
percentage. 


DISCUSSION 

The gas samples that were analyzed were removed from the subsoil under a 
slight partial vacuum. In most cases no more than 10 cm. of mercury tension 
was used and often the average tension was less than that. Calculated from the 
equation d = 0.30, the minimum diameter of pore^ that could be emptied of 

T” 

water by a tension of 10 cm. of mercury would be about 20 ju. It seems conserva- 
tive to assume, then, that only pores, cracks, and channels larger than about 20 /x 
in diameter delivered gas to the mercury pump in the early spring when soil 
moisture tension was less than 10 cm. of mercury. As the soil dried out, of 
course, some pores smaller than 20 ju in diameter allowed free diffusion of gas and 
yielded part of the gas sampled. But probably a very large proportion of the 
gas samples even from rather dry soil came from the larger soil pores. 

If the samples indicate the seasonal changes in oxygen and carbon dioxide 
percentages of gas in the larger pores of these soils, the question arises; What 
was the situation in the part of the pore system not sampled? If the pores not 
sampled were filled with water or were sealed off by water from the larger pores, 

* The equation (6) is based on the assumption that the soil pores are circular in cross 
section. 
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there was no opportunity for free gas exchange with the outer atmosphere and 
any aerobic biological activity must have resulted in depletion of oxygen and 
building up of carbon dioxide. That is, essentially the same conditions would 
exist as occur in the larger pores normally in late winter and early spring as a 
result of accumulation of moisture in the soil. 

If this is true, then the gas samples obtained give a picture of the oxygen and 
carbon dioxide levels in the aerated part of the pore system. It may be assumed 
that the rest of the pore system is under anaerobic conditions, or would be when 
biological activity occurred. 

The aerated part of the pore system of a soil layer increases and decreases in 
volume inversely mth its moisture content. As has been indicated in another 
paper (2), in some of these heavy subsoil layers the soil volume not occupied by 
water may increase from 1 per cent in early spring to 15 per cent in late summer. 
Since the compound aggregates shrink as they dry out, there are also important 
changes in pore and crack dimensions and in ramifications of the open-pore 
system as the growing season progresses. Unfortunately it has not been possible 
to estimate these changes in porosity in the course of this study. It should be 
recognized, however, that in the periods when oxygen percentages were lowest 
in gas samples from the heavy soils, the aerated pore space was at a minimum; 
and as oxygen percentages increased in the gas samples there was undoubtedly 
an increase in amount and ramification of aerated pore space. 

A recent paper by Furr and Aldrich (8), who studied variations in subsoil 
oxygen and carbon dioxide percentages in an irrigated date orchard, gives further 
confirmation of the conclusion that changes in subsoil oxygen percentage are 
usually caused by changes in free pore space. Those investigators found the 
fluctuations of oxygen percentage in the upper subsoil to be associated with time 
and frequency of irrigation. They found at a depth of 8 feet, below' the depth 
of inigation, that the oxygen percentage was higher and the carbon dioxide 
percentage w'as lower than at 6-inch and 30-inch depths in soil that w^as wetted 
by irrigation. The study of Furr and Aldrich also confirms the conclusion that 
fluctuations of carbon dioxide percentages are normally less than those of oxygen 
percentages in soil gas samples from one location, and that the sum of O 2 and 
CO 2 percentages from a sample often deviates widely from 20.8 per cent of gas 
volume. 

The value, for fruit growing, of heavy soils like the two studied may be different 
in regions of the Northeast with different normal rainfall. This study indicates 
that 6 inches of rain in a single month or 10 inches of rain in 2 months may cause 
a considerable drop in oxygen percentage or may delay the normal seasonal 
increase in oxygen percentage of gas samples from the subsoil layers. At Ithaca, 
New York, with average annual rainfall at 33 inches and average rainfall during 
the five growing-season months at 16.7 inches, long periods when monthly rainfall 
exceeds 4 inches are rare. In the western New York fruit area, average rainfall 
is very close to or less than that at Ithaca, But in the Hudson Valley fruit 
section with average annual rainfall 6 inches higher and a considerable part of 
the additional precipitation coming in the growing season, seasons of heavy rain- 
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fall are more frequent than in western New York. Thus it seems possible that 
a heavy soil like the “silty clay” soil studied might, over a period of years, be 
more satisfactory for fruit growing in the western New York area than in parts 
of the Hudson Valley area. 


CONCLUSIONS 

This study indicates that under the weather conditions in northeastern United 
States, oxygen percentage in gas from heavy subsoils is normally low in the early 
spring and increases as the season advances. Under these conditions the mini- 
mum oxygen level and the extent of the period of low oxygen pressure seem to 
be determined by accumulated precipitation, by soil texture and compaction, 
and by depth. Carbon dioxide percentage seems to fluctuate within a narrower 
range than oxygen, and seems, on the average, to reach maximum levels during 
the summer months when soil temperature is relatively high, even though oxygen 
percentage may be relatively high at the same time. 
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A review of soil solution extraction methods and a description of a pressure- 
membrane method were presented in a previous paper (15). The preliminary 
physical results discussed at that time have been supplemented by a sudy of 
factors and conditions affecting the use of the pressure-membrane method for 
chemical investigations. The present paper describes subsequent modifications 
in the pressure-membrane apparatus, the present solution extraction technique, 
experimental data obtained with the method, and a comparison with the aqueous 
displacement method. 

The method is based on the availabilit}^ of hydrophilic cellulose membranes 
which, when wet and properly supported, withstand a large gas pressure dif- 
ference without allowing the gas to stream through the pores. However, water 
or an aqueous solution in contact with the membrane on the high pressure side 
passes through to the low or atmospheric pressure side. If moist soil is placed 
in contact Avith the high pressure side of such a membrane, moisture will be 
removed from the soil and pass through the membrane. This process will con- 
tinue until the surface force which retains water in soil (and which increases dur- 
ing moisture extraction) just balances the water extraction force established at 
the membrane by the pressure difference across the membrane. At equilibrium, 
the interface curvature of the water throughout the soil is equal to that at tlie 
membrane, and movement of water ceases. 

The apparatus is similar to ultrafiltration cells used for filtration of colloids. 
Woodruff (20) has utilized conventional ultrafiltration apparatus for studying 
moisture retention by soils. The pressure-membrane apparatus provides more 
rapid delivery of water or solution from unsatiirated soils by increasing the ultra- 
filtration area and thus reducing the height of soil through which the water must 
flow to the membrane. This apparatus has been used during the last 3 3^ears 
both for soil solution studies and for investigating moisture retention by soils 
over wide ranges of moisture tension (16). 

APPARATUS 

It has been found that a 100-mesh brass screen provides better support for the 
membrane than the 80-mesh screen previously used. The removable i^-inch 

1 Contribution from the U. S. Regional Salinity Laboratory, Riverside, California, 
Bureau of Plant Industry, Soils and Agricultural Engineering, Agricultural Research Ad- 
ministration, U. S. Department of Agriculture, in cooperation with tlie eleven Western 
States and the Territory of Hawaii. 

2 Associate chemist, and senior soil physicist. The analytical assistance rendered by 
Betty Mabry, K. R. Goodwin, L. W. Healton,and L. R. Weaver is gratefully acknowledged. 
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copper tubing connections between the apparatus and the gas source are made 
with flared brass couplings. Rubber gaskets f-inch thick are still being used, 
and occasionally they must be replaced. For the extraction of solutions through 
thin cellophane membranes, it has been found desirable to broaden the bearing 
surface of the bottom gasket, which rests on the membrane. For extraction 
chamber cylinders 12 inches outside diameter and J-inch wall, a gasket 12 inches 
outside diameter and 11 inches inside diameter effectively reduces tearing of 
the membrane. 

The gas inlet connection on the upper plate consists of a |-inch pipe nipple 
attached to a |-inch L-fitting, into which a i^-inch brass flared nipple is soldered. 
A differential pressure of 5 pounds per square inch above the rubber diaphragm 


Fig. 1. Assembly of Three Pressure-Membrane Cells during Extraction 


is obtained from a mercury U4ube regulator with a by-pass needle valve inserted 
in the line between the gas source and the apparatus (16). These features can 
be observed in figure 1, which shows a group of three extraction cells attached to 
a nitrogen inlet manifold. The chambers shown are 1, 2, and 4 inches high. 
Plight complete cells have been assembled. 


TECHNIQUE OF SOLUTION EXTRACTION 

The circular brass plate with attached screen, the gasketed cylinder of desired 
height, and the soft rubber diaphragm are rinsed well with distilled water. When 
these are dry, the brass plate is laid on the tripod base plate. A sheet of cello- 
phane, 12i-mch square or larger, is placed on the sci'een. The cylinder is placed 
on the membrane and the cellophane trimmed to clear the bolt holes. The 
cylinder is then fastened to the tripod with the three thumb screws provided for 
this purpose. 
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The soil sample is placed on the cellophane in even layers, usually in several 
portions. Each layer is compacted slightly with a hand tamp several inches in 
diameter. The rubber diaphragm is then placed over the soil, the top steel plate 
is put into place, and the entire assembly is bolted tightly together with the 
eight f-inch steel bolts. 

The two copper gas inlet tubes are connected to the manifolds, the upper tube 
on the high pressure side of the regulator. The open end of the delivery tube is 
inserted into a graduated glass mixing cylinder or other container. With the 
mercury regulator by-pass valve open, the pressure-reducing valve on the gas 
source is operated until the desired pressure is obtained in the extraction chamber. 
The by-pass valve is then closed and the needle valve vent on the mercury 
regulator opened until the mercury gurgles. The differential pressure of 5 
pounds per square inch thus applied above the diaphragm prevents the drying 
soil from shrinking away from the membrane. 

The time of appearance of the first portion of solution depends primarily on 
the moisture content of the soil, and for samples at field moisture usually varies 
from 10 minutes to 2 hours. The duration of the extraction depends on the 
quantity of solution required. A considerable flow of gas through the mem- 
brane indicates a leak, and the membrane may have to be replaced. There 
usually is a slight flow of gas from the cell, but this is due to passage of gas 
dissolved under pressure and its liberation under the membrane as atmospheric 
pressure is encountered. 

EXPERIMENTAL METHODS AND RESULTS 
Preparation of samples 

Most of the soil samples used in this work were prepared from large field sam- 
ples which had been passed through a J-inch sieve. Representative subsamples 
of these stock soils were thoroughly mixed by rolling and pulling on a Koroseal 
mixing cloth. They were moistened to predetermined moisture contents by 
sprinkling with distilled water after being layered into large tinned cans. Sam- 
ples of other origin were treated in a similar fashion. 

After preparation, and during storage in these air-tight containers, the samples 
were frequently removed and mixed by manual working of the soil particles 
followed by rolling on the mixing cloth. Most of the samples were stored in a 
constant temperature room at 21® zt 0.5®C. This reduces distillation of water 
from the soil caused by temperature gradients within the container. Most 
samples prepared to field moisture contents were stored in this manner for at 
least 2 weeks after addition of the water and were mixed every 2 to 4 days during 
this time. During this period of moisture equalization, changes may occur in 
the electrolyte composition from microbiological activities. 

Soil samples of higher moisture content, for example at the liquid limit (upper 
plastic limit) and at the saturation percentage (17), appear to require a shorter 
period for equilibrium, presumably because of the more rapid mobility of the 
moisture at higher moisture contents. 
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Methods of analysis 

To follow the possible changes in composition of a soil solution during the 
extraction process, the solution is collected in successive fractions for analysis. 
This procedure was started during the preliminary experimentation with the 
pressure-membrane method and has been followed ever since, even for routine 
extractions. The number of fractions usually ranges from three to five. 

Only limited volumes of soil solution can be extracted from comparatively dry 
soils. When these volumes are further fractionated, accuracy of analysis may 
be seriously affected. To increase the precision of analysis in these cases, a set 
of semimicroanalytical methods has been developed for ions commonly deter- 
mined in studies of salinity and fertility (14). The chemical results reported in 
this paper have been obtained by these methods and by macroanalytical methods 
used in the adjacent Rubidoux Laboratory (19). 

Evaporation during prolonged extractions has been shown to be negligible, 
and consequently the solutions are collected in open cylinders, preferably gradu- 
ated glass-stoppered mixing cylinders. The use of a device for the automatic 
separation and collection of fractions, such as that of Hibbard (7), has not been 
worked out satisfactorily for small volumes of solution. 

Effed of temperature 

It has been shown by Richards and Weaver (16) that an increase in the tem- 
perature decreases slightly the amount of water retained by a soil at a given 
pressure. Whether the composition of the soil solution during extraction might 
vary with temperature changes has not been investigated. To eliminate the 
possibility of such an effect, almost all the pressure-membrane extractions dis- 
cussed in this paper were made in a room maintained at a constant temperature 
of 21° ± 0.5°C. 

Pressure and composition, of gas 

The extent to which a soil on a membrane can be dried increases vith the ap- 
plied pressure. To obtain the necessary quantity of soil solution from a sample, 
the pressure must be great enough that a sufficient volume of extracted solution 
has been delivered when the soil moisture has approached equilibrium vfith it. 
The wilting range of soil moisture is a valuable consideration in studies on salinity, 
irrigation, and available moisture supply. The work of Richards and Weaver 
(16) and Furr and Reeve (6) has shown that for the great majority of soils the 
15-atmosphere percentage lies in the wilting range between the first permanent 
wilting percentage and the ultimate wilting percentage. To obtain soil solutions 
at moisture contents near this range, a pressure of at least 15 atmospheres should 
be used. In most of the extractions on soils at field moisture, a pressure of 250 
to 270 pounds per square inch (17 to 18 atmospheres) is used. For extractions 
involving higher moisture contents, such as the liquid limit or the saturation 
percentage, a pressure of 100 pounds per square inch is adequate. 

Water-pumped nitrogen from commercial cylinder tanks was used as the source 
of pressure in the work reported here. During the recent shortage of commercial 
nitrogen, an air compressor was devised as a substitute. It appears that carbon 
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dioxide in the gas source or in the soil air may react with calcareous constituents 
of the soil to increase the concentrations of calcium, magnesium, and bicarbonate. 
A direct measurement of this effect on the composition of solutions obtained from 
calcareous soils by use of various gases has not been attempted, but a similar 
study has been made on an aqueous suspension of calcium carbonate. The 
results are presented in table 1. 

Three portions of a 2 per cent suspension of c.p. calcium carbonate in distilled 
water were prepared and mixed on a reciprocating shaker. Each portion was 
transferred to a pressure-membrane cell having a |-inch cylinder and a sheet of 
water-washed No. 600 cellophane (see next section). The three suspensions were 
filtered under the indicated pressures of nitrogen, air, and carbon dioxide. The 
filtrates were analyzed in fractions for calcium, carbonate, and bicarbonate ions, 
and pH value. 

The carbon dioxide in the compressed air appears to cause a very slight increase 
in the filtrate concentration. This effect, however, is of an entirely different 

TABLE 1 


Effect of gas composition on a suspension of calcium carbonate 


GAS 

PEESStmE 

riLTKATION 

BATE 

ION CONCENTRATIONS 

pH RANGE 

Ca 

co» 

HCOa 

Nitrogen 

Air 

Carbon dioxide 

Ihjsq.in. 

148 

148 

37 

ml.fmin. 

1.83 

1.70 

0.54 

0.25 

0.39 

18 

0.00 

0.01 

0.00 

0.42 

0.57 

19 

7.6- 8. 1 
8.0-8. 5 

6. 6- 6. 9 


order of magnitude from that exerted by pure carbon dioxide. Some soil solu- 
tions have shown progressive parallel increases in calcium, magnesium, and 
bicarbonate concentrations. These result from an increase in soil carbon 
dioxide during the extraction, and will be discussed more fully in a later section. 
The effect appears important mainly with some calcareous soils of low soluble 
calcium content. 

Membrane investigations 

Several practical considerations are involved in the selection of a suitable 
cellulose membrane for solution extraction. Those discussed here include the 
following: general availability, permeability to liquids and to gases, progressive 
deterioration during the extraction, resistance to tears and cuts, and soluble 
inorganic and organic contaminants and their removal. 

Membrane materials that have been tested and used are P. T. (plain trans- 
parent) cellophane^ of gauge number 300, 450, and 600, and Visking cellulose 
sausage casing^. The latter material is especially satisfactory in the determina- 
tion of 15-atmosphere percentage and in moisture sorption studies (16). 

^E. I. du Pont de Nemours & Company, Wilmington, Delaw 

4 The Visking Corporation, 6733 West asth Street, Chicago, Illinois. 
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Cellophane membranes for ultrafiltration have been suggested and used by 
McBain and his . co-workers (8, 9) for a number of years. They are almost uni- 
versally available at low cost, and replace collodion membranes, which are 
difficult to prepare properly, especially in large sizes. Treatments for modifying 
the permeability of cellophane for various purposes have been described (8, 11). 

Thickness measurements on recent supplies of Nos. 300, 450, and 600 cello- 
phane and of Visking casing, respectively, are as follows: 0.00085, 0.00120, 
0.00165, and 0.00396 inches. The cellophane values agree with those reported 
for previous samples (15). The decreased flow caused by increased membrane 
thickness is not very important in extractions from unsaturated soils, as the 
rate of flow in such cases is primarily determined by the mobility of the water 
through the soil. The permeability of the Visking casing to gas appears ap- 
preciably less than that of cellophane. 

Because of its greater thickness, the Visking membrane usually withstands the 
conditions of extraction longer before serious gas leaks develop from membrane 
disintegration. The thinner membranes are also susceptible to immediate leaks 
when used with sandy soils, through cuts made by the sharp soil particles. This 
disadvantage has practically eliminated Nos. 300 and 450 cellophane as general 
utility membranes. They are also more apt to suffer tears during handling. 

Appreciable quantities of ionic contaminants have been removed from mem- 
branes by pressure leaching and extraction with distilled water, as demonstrated 
by electrolytic conductivity measurements and analytical determinations. The 
most abundant ions appear to be sodium and chloride. The first fractions of 
many soil solutions show an initial excess of these two ions. This is not im- 
portant for saline soils high in sodium, but may be for nonsaline soils. Conse- 
quently, the membranes now used are washed with water to remove the bulk of 
these impurities. 

The present practice is to cover 15-inch squares of cellophane with distilled 
water in a large flat tray such as a photographic developing tray. The water is 
replaced daily for 10 to 15 days or until the conductivity has reached a minimum 
value. The membrane is then supported vertically to dry. McBain and Kistler 
(8) have mentioned that washed cellophane becomes brittle on drying, and this 
has been confirmed. Consequently, it is recommended that the washed mem- 
brane be air-dried immediately before placing it in the extraction cell. Follow- 
ing the water wash by a similar ethanol washing appears to decrease the brittle- 
ness, but the extra procedure usually is not necessary to obtain a suitably strong 
membrane. 

In addition to the ionic contaminants, the first fractions of a leachate through 
an unwashed Visking membrane contain organic material leached from it- On 
evaporation a dark gummy deposit is formed, which requires continuous drying 
at 105®C. for several days to reach constant weight. This contamination seri- 
ously affects the determination of osmotic pressures and other colligative quan- 
tities. 

Consideration of these various factors has led to the acceptance of water- 
washed No. 600 P.T. cellophane as the choice for an all-around membrane for 
solution extraction. 
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Rate of extractions 

It is theoretically possible to extract soil solutions at any gas pressure that the 
apparatus can withstand. To obtain solution from a soil containing moisture 
at a tension of 15 atmospheres, it is necessary to apply a pressure greater than 
this value. Extractions at this moisture content are repeatedly made in mois- 
ture sorption studies, and have been accomplished for soil solution work. As 
would be expected, however, a decrease in the initial moisture content diminishes 
the volume of water available for extraction and consequently decreases the rate 
of extraction. 



Fig. 2- Effect of Moisture Content on Rate of Solution Extraction from Hesferia 

Sandy Loam 

The dependence of the extraction rate of Hesperia sandy loam on the initial 
moisture content is illustrated by the cumulative extraction curves in figure 2. 
This soil has a 15-atmosphere percentage of 4.7 and a one-third-atmosphere 
percentage of 10.&. The latter tension value has been shown by Richards and 
Weaver (16) to approximate the moisture-equivalent value for most soils. The 
figures adjacent to the curves represent the initial moisture contents of the 
various samples, and the figures in parenth^es, the initial weights. All moisture 
percentages are based on soil oven-dried at 105^0. The gas pressure was 270 
pounds per square inch. 

The two 8 per cent extractions were made 17 days apart, and^ 
nature illustrates the reproducibility of extraction rates. These results are typh 
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cal of those obtained for other soils. In all extractions in which the rate is not 
primarily determined by the permeability of the membrane, the rate decreases 
continuously during the entire extraction period. The minimum moisture 
content at which a soil is extracted often depends on the volume of solution re- 
quired or on the time available for obtaining it. 

Uniformity of composition 

Previously reported investigations of the displacement method (3, 13) and 
the direct-pressure method (4) have shown that solutions can be obtained which 


TABLE 2 

Reaction and moisture characteristics of soil samples 


ACCES- 

SION 

NUM- 

BER 

SOIL TYPE 

LOCATION 

DEPTH 

pH 

HCl TEST 

IS ATM. 
PER- 
CENT- 
AGE 

§ ATM. 
PER- 
CENT- 
AGE 

56 

Imperial clay 

Meloland, California 

in, 

6-18 

7.8 

vigorous 

PV) 

15.1 

Pw 

29.7 

57 

Imperial clay 

Imperial, California 

6-18 

7.2 

vigorous 

20.4 

36.2 

58 

Indio very fine sandy 

Coachella, Califor-" 

6-18 

8.9 

vigorous 

6.1 

21.6 

61 

loam 

Billings clay 

nia 

Bridgeland, Utah 

6-18 

8.0 

vigorous 

11.7 

21.4 

62 

Oasis clay loam 

Delta, Utah 

2-6 

7.7 

vigorous 

8.8 

25.1 

63 

Oasis clay subsoil 

Delta, Utah 

8-12 

8.0 

vigorous 

I 16.8 

33.7 

66 

Millville loam 

Logan, Utah 

2-6 

7.9 

mild 

7.5 

22.6 

68 

Silty clay loam 

Vale, Oregon 

2-6 

10.0 

mild 

14.6 

35.6 

77 

Superstition sand, silted 

Yuma, Arizona 

2-6 

8.1 

vigorous 

6.6 

12.5 

79 

phase 

Cajon silt loam 

Glendale, Arizona 

2-6 ’ 

7.7 

mild 

12.0 

28.2 

80 

Gila silt loam 

Buckeye, Arizona 

2-6 

8.8 

mild 

14.2 

27.7 

84 

Gila adobe clay 

Las Cruces, N. Mex- 

2-8 

8.0 

mild 

22.8 

41.2 

85 

Reagan clay loam 

ico 

Roswell, N. Mexico 

2-8 

7.8 

vigorous 

11.4 

23.2 

86 

Fort Collins loam, 

Laramie, Wyoming 

1-6 

8.0 

mild 

11.8 

22.4 

91 

poorly drained phase 
Fallbrook loam 

Riverside, Califor- 

6-12 

7.6 

trace 

6.1 

16.0 

183 

Hesperia sandy loam 

nia 

Shatter, California 

0-8 

7.9 

trace 

4.7 

10.6 


remain practically constant in composition during the extraction. Over the 
moisture ranges investigated, the pressure-membrane method also furnishes 
substantially uniform solutions during extractions of practical duration. 

Gharacteristics of soil samples 57, 66, 84, 85, and 183, used as examples, are 
presented in table 2, and include pH values at the saturation percentage, without 
regard to carbon dioxide content, and effervescence on addition of 6 H 
Tables 3 and 4 contain compositional data obtained on these soils. In table 5 
is listed various information concerning the seven extractions involved, apart 
from the composition of the solutions. None of these extractions was continued 
to equilibrium moisture conditions, as shown by the fact that the final moisture 
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content of the top section of the soil was appreciably higher than that of the 
bottom section nearest the membrane. Sample 85 C was extracted without a 
rubber diaphragm above the soil. In an examination of the material of tables 
3 and 4 it should be considered that minor variations may result from analytical 
errors. Also, the instability of carbonate and nitrogen systems often induces 
serious disagreement, and nitrate results are omitted from some listings. 

In addition to remaining uniform throughout an extraction, a satisfactory 
solution should be representative of the moisture content at which it is extracted. 
That is, in general, over narrow moisture ranges, the concentration of soluble 

TABLE 3 


Composition of soil solutions extracted from Reagan clay loam at three moisture contents 


extract 

TRACTION 

VOL- 

UME 

RATE OR 
FLOW 

pH 

ELECTRICAL 

CONDUC- 

TIVITY* 

IONIC CONCENTRATIONS 

Ca 

Mg 

Na 

K 

CO3-HCO3 

\ SO4 

Cl 


ml. 

ml. ! min. 


Kxm 

m.e.ll. 

m.e.ll. 

m.e.ll. 

m.e.ll. 

m.e.ll. 

1 m.e.ll. 

m.e.ll. 


85 A — 14.2 per cent 


1 

12 

0.0228 

8.36 


43.1 

50.0 

29.1 

11.2 

4.1 

43.2 

29.4 

2 

14 

0.0148 

8.03 


47.6 

60.0 

29.8 

11.2 

9.2 

46.6 

29.9 

3 

12 

0.0110 

8.13 


47.9 

65.3 

30.1 

11.4 

13.5 

47.5 

29.7 

4 

14 

0.0084 

8.15 


47.6 

65.7 

30.4 

11.7 

10.4 

49.3 

30.3 


85 B — 20,0 per cent 


1 

22 

0.122 

8.10 

940 

42.2 

47.3 

24.1 


2.9 

57.9 

19.1 

2 

32 

0.091 

8.32 

952 

44.2 

49.3 

22.2 

9.6 

4.9 

57.6 

19.5 

3 

35 

0.063 

8.25 

956 

41.6 

50.4 

22.6 

9.4 

5.9 

58.1 

20.2 

4 

24 

0.044 

8.38 

956 

44.0 

53.0 

22.1 

9.7 

7.1 

57.8 

20.2 

5 

29 

0.030 

8.37 

961 

44.1 

52.3 

22.2 

9.6 

7.6 

56.2 

20.2 

6 

27 

0.017 

8.26 

940 

43.5 

48.0 

21.7 

9.6 

7.2 

56.3 

20.1 





S5 C- 

-S2.5 per cent 






1 

25 

1.57 

7.78 


26.7 

30.5 

15.1 

6.1 

7.2 

59.0 

12.4 

2 

25 

1.47 

7.97 


29.0 

34.2 

15.2 

6.3 

8.4 

63.0 

11.9 

3 

50 

0.93 

7.86 

590 

28.3 

34.5 

14.8 

6.3 

8.7 

63.5 

11.9 

4 

53 

0.28 

8.22 

573 

28.4 

33.9 

14.6 

6.3 

8.6 

62.3 

11.3 


* At 25°C. 


salts should be inversely proportional to the moisture content. Table 3 shows 
that for Reagan clay loam an extracted solution is characteristic of only one 
moisture percentage and differs from solutions obtained at other moisture con- 
tents. By reference to table 2, A and B are seen to represent moisture values 
between wilting range and moisture equivalent, whereas C represents the ‘liquid 
Emit’’ as determined by 10 impacts of the Bodman and Tamachi (2) procedure. 
Several types of variation encountered also in table 4 can be observed here. 
Calcium, magnesium, and sulfate concentrations in the initial fractions are 
usually lower than in the subsequent fractions* Sodium, chloride, and potassium 
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sometimes are higher in the initial fraction, presumably from residual contamina- 
tion in the washed cellophane. By discarding the values obtained from analysis 
of the first fraction, substantially uniform acceptable values for these six ions are 
almost always obtained. This suggestion is in accord with the common practice 

TABLE 4 


Composition of soil solutions extracted from four soils 


EX- 

TRACT 

FRAC- 

TION 

VOL- 

UME 

RATE OF 
TLOVr 

pH 

ELECTRICAL 

CONDUC- 

TIVITY* 

IONIC CONCENTRATIONS 

Ca 

Mg 

Na 

K 

CO3- 

HCOs 

SO4 

Cl 

NO3 


ml. 

ml. ! min. 


AXiOs 

m.e./l. 

m.e.Jl. 

m.e.jl. 

m.e.jl. 

m.e.jl. 

m.e.jl. 

m.e.jl. 

m.e.jl. 


Imperial clay {No. 57) — 27.2 per cent 


1 

15 

0.099 



760 

315 


2.9 

3.1 

18.6 

1490 

85 

2 

15 

0.087 



785 

325 

570 

3.0 

3.4 

19.4 

1555 

88 

3 

22 

0.061 



790 

318 

559 

2.9 

4.4 

19.0 

1555 

89 

4 

27 

0.050 



785 

318 

560 

2.9 

4.0 

19.3 

1550 

89 

5 





787 

315 

566 

2.9 

3.4 

20.0 

1555 

89 


Gila adobe clay (No. 84) — 28.9 per cent 


1 

18 

0.044 

6.55 

543 

23.9 

6.1 

23.6 

1.0 

1.2 

23.3 

25.7 

2 

23 

0.025 

7.52 

478 

23.4 

5.9 

22.7 

1.0 

2.1 

25.7 

16.7 

3 

24 

0.017 

8.12 

466 

23.4 

6.0 

22.4 

1.0 

3.7 

25.6 

14.6 

4 

19 

0.013 

8.07 

472 

23.2 

6.1 

23.0 

1.0 

4.4 

26.2 

14.6 

5 

26 

0.009 

1 

7.87 

475 

1 

24.4 

j 

6.1 

22.8 

! 

0.9 

4.5 

26.7 

14.9 


Millville loam {No. 66) — 18.6 per cent 


1 

17 

0.064 

7.69 

180 

9.8 

5.2 

4.3 

0.37 

1.7 

1.9 

5.1 

2 

40 

0.043 

8.14 

172 

12.7 

6.2 

1.3 

0.22 

4.1 

1.3 

3.1 

3 

24 

0.026 

8.28 

178 

14.0 

7.0 

1.0 

0.23 

5.5 

1.4 

3.0 

4 

26 

0.013 

8.35 

188 

14.2 

7.2 

1.7 

0.26 

6.7 

1.3 

1 

3.1 


Hesperia sandy loam {No. 183) — 10.4 cent 


1 

11 

0.073 

7.7 

279 

13.7 

1.9 

5.6 


1.1 

3.2 

2.9 

18.2 

2 

9 

0.059 

7.6 

278 

15.7 

2.7 

3.3 


1.2 

3.4 

3.1 

17.8 

3 

19 

0.046 

8.3 

284 

17.2 

2.9 

3.4 

1.6 

2.2 

2.9 

3.3 

16.6 

4 

20 

0.033 

CO 

289 

18,3 

4.4 

3.3 

1.7 

3.8 

2.8 

3.4 

18.6 

^5^'■i 

13 

0.024 

8.4 

297 

19.5 

4.7 

3.6 

1.7 

4.9 

2.8 

3.5 1 

17.4 

6 

15 

0.017 

8.4 

303 

20.2 

5.2 

3.1 

1.7 

5.6 

2.6 

3.3 

17.4 


* At 25X . 


of discarding the initial portion of a filtrate. In table 3 the sulfate concentration 
is seen to increase with the moisture content, instead of decreasing. This soil 
is gypsiferous and the soil solution is saturated with gypsum even in a li5 
extract. The increase in sulfate is evidently related to the concomitant decrease 
in calcium concentration [see Vanoni and Conrad (18)]. Several other gypsif- 
erous soils have been observed to act similarly. The carbonate values are also 
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unrelated to the moisture content, because of the effects of such factors as carbon 
dioxide pressure, presence of calcium and magnesium carbonates, and composi- 
tion of the soluble salts. 

Table 4 includes results for four soils which were selected to show possible 
effects of texture, moisture content, and salinity on the versatility of the method. 
In the order listed, they include a fine-textured very saline soil, a fine-textured 
nonsaline soil, a medium-textured nonsaline soil, and a coarse-textured nonsaline 
soil. For the four soils, the ratios of initial moisture percentage to 15-atmosphere 
percentage were 1.33, 1.27, 1.81, and 2.21, respectively. For the Reagan soil 
of table 3, the ratios were 1.24, 1.78, and 2.85, respectively. 

The same general uniformity of composition characteristic of table 3 is ap- 
parent here. Again, the ions that were abnormally high or low in the initial 
fractions show the same tendencies in these soils. Some of these solutions pro- 
vide examples of the carbonate effect mentioned previously, i.e., the parallel 

TABLE 5 


Conditions of operation involved in the extractions of tables S and 4 


ACCESSION 

NUMBER 

INITIAL 
WEIGHT 
WET SOIL 

FINAL MOISTURE 
CONTENT 

DURATION 
OF EXTRAC- 
TION 

PRES- 

SURE 

CYLIN- 

DER 

HEIGHT 

MEMBRANE 

Top 

Bottom 


gfn. 

Pw 

Pw 

hours 

Ib./sq. in. 

in. 


57 

5000 

25.1 

24.9 

21 

250 

4 

Unwashed 600 cellophane 

66 

3000 

9.4 

8.5 

68 

265 

If 

Washed 600 cellophane 

84 

4000 

25.8 

21.8 

118 

255 

2 

Washed 600 cellophane 

85 A 

4240 

12.8 

11.4 

70 

270 

2 

Washed 600 cellophane 

85B 

3500 

13.8 

12.9 

70 

270 

If 

Washed 600 cellophane 

85C 

2040 

22.8 

19.8 

5 

270 

1 

Washed 600 cellophane 

183 * 

3475 

7.0 

5.7 

71 

270 

li 

Washed 600 cellophane 


increase in calcium, magnesium, and carbonates during the extraction. This 
effect is especially noticeable in Hesperia sandy loam, in which the bicarbonate 
increase is accompanied by regular increases in calcium and magnesium through- 
out the entire extraction period. It has been noticed also in several displacement 
extractions under pressure. The effect is explained by an increase in carbon 
dioxide in the chamber resulting from microbiological respiration. When the 
moist soil sample is mixed just prior to the extraction, much of the carbon dioxide 
accumulated during storage is lost to the atmosphere. During the extraction, 
the microbiological processes again increase the carbon dioxide pressure, with a 
corresponding progressive increase in solubility of calcium and magnesium car- 
bonates. In such cases the choice of the correct concentrations of the ions 
involved must be somewhat arbitrary, and preferably based on the projected 
use of the data. 

In addition to the ions discussed, phosphate and silica have been studied to 
some extent. With due allowance for analytical errors, silica appears to be 
extracted at a uniform concentration. The method is not satisfactory for 
phosphate. Extracted solutions usually indicate absence of phosphate, although 
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measurable amounts of soluble phosphate are shown by other means. Synthetic 
solutions of primar}’', secondary, and tertiary potassium phosphates have been 
filtered through cellophane under pressure; each filtrate showed a drastic initial 
reduction in phosphate concentration to about 1 per cent of the correct value, 
and a subsequent slow regular increase, whereas the concentration of the unfil- 
tered portion increased considerably above that of the original solution. This 
behavior accords with the difiiculty of filtering phosphate through other filtration 
media, and renders the pressure-membrane method useless for this constituent. 
If the phosphate concentration is appreciable, the accompanying cations may 
also be affected. 

McBain and co-workers have made detailed studies of the filtration of colloids, 
electrolytes, and nonelectrolytes through cellophane. McBain and McClatchie 

(9) showed that uniform composition of an ultrafiltrate throughout the filtration 
is not absolute proof that it is representative of the intermicellar liquid. Their 
work on ferric hydroxide sols and the work of McBain, Kawakami, and Lucas 

(10) on soaps demonstrate an inverse relationship between concentration and 
rate of filtration. McBain and Stuewer (11) showed that the retention of solute 
by a membrane varies directly as the rate of stirring and inversely as the con- 
centration. These results were explained on the basis of Donnan equilibria 
existing between a colloid and its intermicellar liquid, and between the mem- 
brane and the solute. 

These phenomena might affect the application of the pressure-membrane 
method. Consideration of the differences between the method and ultrafiltra- 
tion leads to several hopeful conclusions. The absence of stirring precludes 
difficulties from this source. The rate of flow is very low compared to ultra- 
filtration rates. In a pressure-membrane extraction of an unsaturated soil, the 
solution reaching the membrane passes through it and does not accumulate, 
which obviates the ion and colloid diffusion processes that influence ultrafiltra- 
tion. In concentrated solutions, these effects should be further minimized. 

To obtain a measure of the maximum possible effects of these processes on the 
filtration of the particular ions studied in this work, several synthetic combina- 
tions of calcium, magnesium, sodium, potassium, bicarbonate, sulfate, chloride, 
and nitrate, each at a concentration of 5 m.e. per liter, have been filtered through 
cellophane. Only calcium and sulfate appeared to be significantly affected; the 
initial concentrations of these ions were low, and increased during the filtration. 
Under these conditions, any effect is exaggerated, and no serious trouble is antic- 
ipated from the actual method. It is possible that the initial reduction in many 
ions during most extractions is a transient Donnan effect, and this difficulty is 
usually avoided by discarding the initial fraction. 

Companson with the aqueous displacement method 

The questions raised in the preceding section concerning the lack of significance 
of a uniform composition in ultrafiltration make it desirable to compare the 
method Avith another independent method of extraction. For this purpose, the 
aqueous displacement procedure of Burd and Martin (3) was employed. The 
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TABLE 6 


Comparison of pressure-membrane and displacement methods 


METHOD 

voir 

XJME 

AVER- 

AGE 

RATE OF 
FLOW 

pH 

IONIC CONCENTRATIONS 

Ca 

Mg 

Na 

K 

COz- 

HCOs 

SO4 

Cl 

NOi 


ml. 

ml./ 

min. 


m.e./l. 

m.e./l. 

m.e./l. 

m.e./l. 

m.e./l. 

m.e./l. 

1 

m.e./l. 

m.e./l. 

Imperial clay (No. 56) — 29.9 per cent 

Pressure-membrane . . 

425 

0.077 

8.2 

30.3 

15.0 

29.9 


4.5 

54.9 

14.21 

6.5 

Displacement 

21 

0.02 

7.6 

31.2 

14.8 

29.6 


2.5 

52.6 

15.2 



Imperial clay (No. 57) — SJf.S per cent 


Pressure-membrane . . . 

399 

0.255 

7.7 

584 

247 

439 

2.7 

1.8 

29.5 

1173 

66 

Displacement 

35 

0.01 

7.2 

558 

246 

435 

2.9 

1.8 

32.7 

1147 

60 


Indio very fine sandy loam (No. 58) — 16.5 per cent 


Pressure-membrane . . . 

91 

0.053 

9.3 

3.2 

0.5 

70.8 

1.5 

9.9 

41.3 

19.1 

6.9 

Displacement 

80 

0.133 

8.6 

3.9 

0.5 

69.8 

1.5 

5.7 : 

44.3 

19.2 

7.4 


Indio very fine sandy loam (No. 58) — 19.7 per cent 


Pressure -membrane . . . 

86 

0.118 

9.6 

2.2 

0.5 

58.0 

1.2 

9.3 

33.8 

11.3 

5.6 

Displacement 

59 

0.02 

8.7 

2.2 

0.5 

56.4 

1.4 

6.0 

37.6! 

11.9 

5.9 


Billings clay (No. 61) — 17.7 per cent 


Pressure -membrane ... 

51 

0.007 

8.3 

11.1 

3.5 

5.4 

0.4 

2.3 

8.5 

3.0 

0.2 

Displacement 

100 ■ 

0.001 

8.4 ! 

8.0 

3.7 

5.3 

0.4 

3.0 ’ 

9.7 

3.3 

0.2 


Oasis clay loam (No. 6$) — M.9 per cent 


Pressure -membrane . . . 

393 

0.071 


56.5 

147 

2002 

65.9 

6.2 

233 

1999 

14.1 

Displacement 

72 

0.058 

8.1 

63.1 

154 

2002 

61.6 

6.5 

239 

2024 



Oasis clay subsoil (No. 63) — 29.4 cent 


Pressure -membrane . . . 

357 

0.228 

8.4 

39.0 

96.6 

841 

21.5 

5.6 

145 

860 

1.6 

Displacement 

31 

0.007 

8.2 

41.4 

93.9 

847 

22.4 

5.5 

153 

870 



Silty clay loam (No. 68) — 29. S per cent 


Pressure -membrane ... 
Displacement 

98 

194 

0.057 

0.072 

9.8 

9.7 

CO 

0 d 

0.1 

tr 

1110 

1130 

36 

1 36 

1 

390 

1 383 

500 

505 

277 

I 285 

7,6 

1 7.8 

! 


Superstition sand (No. 77)— 

14.5 per cent 




Pressure-membrane . . . 

85 

0.020 

8.4 

11. 1 

4.7: 

11.2' 

O. 4 I 

8 ■ 

; 'i 

9.7! 

!' '' ! 4.9* 


Displacement — . — 

63 

0.004 

8.7 

14.4 

4.7^ 

11.1 

0.7 

8 

10.4 

4.9 
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TABLE 6 — Continued 


i 

1 

METHOD 

V03> 

AVER- 

AGE 

SATE OF 
FLOW 

pH 

IONIC CONCENTRATIONS 

Ca 

Mg 

Na 

1 

K 

COa- 

HCOs 

SO4 

Cl 

NO3 


ml. 

ml.l 

min. 


m.e.fl. 

m.e.fl. 

m.e.fl. 

m.e.fl.\ 

m.e.fl. 

m.e.fl: 

m.e.fl. 

m.e.fl. 


Cajon silt loam (No. 79) — per cent 


Pressure-membrane ... 
Displacement 

90 

174 

0.052 

0.011 

8.2 

8.5 

28 

28 

15.4' 

14.8' 

1 

20 

19 

2.2 

2.3 

8 

8 * 

1 

17.6 

18.8 

10.4 

11.2 

30 

29 

Gila silt loam (No. 80) — 26.8 per cent 

Pressure -membrane . . . 

77 

0.048 

9.1 

1.7 

1.7 

471 

1.7 

20 

421 

43 


Displacement 

222 

0.006 

8.6 

1.8 

1.8 

488 

1.7 

15 

442 j 

44 



Reagan clay loam (No. 85) — 20.4 P^t cent 


Pressure-membrane . . . 

85 i 

0.029 

8.3 

44 

51 

23.5 

9 i 

7 

54 

19.8 

44 

Displacement 

179 i 

1 

0.006 

8.6 

45 

50 

23.0 

9 . 

11 

59 

19.8 



Fort Collins loam (No. 86) — 20.1 per cent 


Pressure -membrane . . . 
Displacement 

56 

48 

0.013 

0.002 

8.5 

8.4 

24 

23 

215 

238 

1 

157 

165 

3.1 

3.3 

1 

20 

,22 

335 
358 : 

24 

25 

0.2 

0.3 

Fallhrook loam (No. 91) — 1S.7 per cent 

Pressure -membrane . . . 

80 

0.055 

8.5 

12 

4.0 

3.5 

0.2 

5 

3.8 

1.9 


Displacement 

112 

0.072 

8.7 

14 

4.1 

3.2 

0.3 

7 1 

4.4 

1.9 



apparatus used was that of the adjacent Rubidoux Laboratory, similar to the 
original equipment and described briefly by Eaton and Sokoloff (5). Fourteen 
soil samples have been extracted by the two methods, including extractions at 
two moisture contents on Indio very fine sandy loam. 

The results are presented in table 6. Characteristics of the soil samples are 
given in table 2. Many of the displacements had to be repeated because of 
early contamination with displacing liquid (0.1 N potassium thiocyanate), by 
channeling or similar process. Some displacements were exceedingly slow, as 
shown by the rates of flow, and were continued for extended periods of time to 
ensure adequate samples. Displacement pressures varied from 0 to 100 pounds 
per square inch in accordance with the permeability of the soil. Because solu- 
tions cannot be displaced from many soils at relatively low moisture contents, 
these samples were planned to be near the moisture equivalent. As in the 
pressure-membrane extractions, the displaced solutions were analyzed in frac- 
tions. :'v 

In general, the comparisons are seen to be satisfactory, and for most practical 
purposes identical. Discrepancies, some minor and some more serious, have 
occurred. The number of significant figures reported for a value provides a 
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rough index of the probable accuracy. Some nitrate values are omitted because 
lack of agreement on different fractions precluded accurate evaluation. Dis- 
placement nitrate values often decrease during the extraction, sometimes to zero 
concentration, and this is usually attributed to denitrification processes under 
anaerobic conditions. Bicarbonate-carbonate values show variations, a phenom- 
enon which is to be expected from the carbon dioxide pressure effect. Soils 61, 
77, and 91 probably show the most serious disagreement, and these represent 
the least saline samples. The displaced solution from soil 85 showed serious 
decreases in all ions during extraction, but the values for the initial fraction, 
reported here, compare very favorably with those of the pressure-membrane 
method. 

Except for the variations indicated, it is considered that the two methods pro- 
vide substantially the same soil solution. In the pressure-membrane method, 
the soil moisture is continuously depleted during the extraction, whereas in the 
displacement procedure the moisture is replaced by the displacing liquid; despite 
this fundamental difference in principle, the same solution appears to be delivered 
by both techniques. The severe ramming and tamping required by the dis- 
placement method puddles the soil sample, but in the pressure-membrane method 
the structure usually is not seriously disturbed by its insertion into the apparatus ; 
notwithstanding this difference, substantially the same solution is obtained. 

These comparative results are considered reliable evidence that the ultra- 
filtration effect is of slight consequence in the pressure-membrane method. In 
addition, when the same solution is extracted from a soil by two independent 
methods based on different principles, assurance is provided that the results are 
characteristic of the soil and not of the method. 

DISCUSSION 

The existence in macroscopic soil masses of solutions homogeneous in com- 
position throughout the entire thickness of soil moisture film is now generally 
regarded as untenable. The surface activity of soil colloids, involving the ex- 
change of cations, and possibly of anions, presumably establishes ionic concen- 
tration gradients over finite distances from the surfaces of the finer soil particles. 
In accordance with this theory, an extracted solution homogeneous in composi- 
tion throughout the extraction might not be anticipated. 

In general, however, soil solutions extracted by the pressure-membrane pro- 
cedure remain constant in composition during the extraction. This accords 
with results reported for the displacement and direct-pressure methods. Though 
the moisture film removed by these several methods is of homogeneous com- 
position, the unremoved portion may be affected by the colloidal forces. It is 
possible that this question may be answered, at least in part, by a further ap- 
plication of the pressure-membrane technique. This would involve the frac- 
tional stepwise extraction of solutions at increasing moisture tensions, as in 
sorption curve studies, continuing the extraction to the lowest practical moisture 
level. 

Variations in composition should be more important in the case of dilute solu- 
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tions. With regard to this effect in colloidal systems, McBain and McClatchie 
(9) say: “Variations in the concentration of the ultrafiltrate would be much less 
for sols with a higher ratio of simple electrolyte to colloidal electrolyte, for a 
Donnan equilibrium would then produce only a slight inequality in the distribu- 
tion of the simple electrolyte/^ 

The pressure-membrane method has operated satisfactorily on soils involving 
wide ranges of moisture content, salinity, texture, and structure. Extractions- 
have been made at moisture levels from the wilting range to 1:5 extracts, but 
the method is not recommended for moisture contents above saturation, as other 
available means are more convenient. Dilute solutions usually are more sus- 
ceptible to effects of membrane and pressure than concentrated solutions, and 
divalent ions are influenced more than are monovalent ions. Phosphate is 
seriously affected. Fine-textured soils are effectively extracted by this proced- 
ure, Coarse-textured soils, such as sandy loams, cannot be satisfactorily ex- 
tracted at the relatively low moisture contents (relatively high tensions) adequate 
for fine-textured soils, for such reasons as insufficiency of available solution, re- 
duced number of soil-membrane contact points, and damage to the membrane. 

The method has been used successfully in several reported investigations (1, 
12) and in unpublished work. 


SUMMAKY 

Investigations of the pressure-membrane method for the extraction of soil 
solution are reported. The technique of operation, recent modifications in the 
apparatus, and factors affecting the method, such as pressure and composition of 
the gas, choice of a suitable membrane, and rate of extraction, are discussed. 

Solutions obtained from a variety of soils remain uniform during the extraction 
period. Minor deviations in some ions may result from membrane filtration 
effects and the presence of insoluble carbonates, but these can be minimized or 
eliminated by analysis of the extract in fractions. At each moisture content a 
solution is obtained which is representative of that condition. Comparisons 
with the aqueous displacement method on thirteen soils indicate that the two 
methods supply substantially identical solutions. The method is adapted to 
wide ranges of moisture, salinity, and texture. 
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It has been recognized for some time that adsorbed and chemically exchange- 
able cations held by the soil colloidal complexes are available to plants as nutri- 
ents. Nostitz (10), using permutite saturated with various cations, indicated 
that plants were able to use such adsorbed ions. That calcium in the exchange 
complex of soil colloidal materials is available to plants has been shown by Joffe 
and McLean (7), Gedroiz (2), Joffe (8), Albrecht and McCalla (1), and others. 
These studies have dealt primarily with the clay fractions of the soil. Although 
the larger sand and silt fractions constitute more than 80 per cent of most 
surface soils, they have generally been considered largely inert, a view held by 
Russell (11), with respect to supplying nutrients for plants. Recently, however, 
Graham (3, 4, 5) has shown that certain soil particles of silt- and sand-size, after 
being weathered artificially by treatment with hydrogen-clays, can furnish 
available cations for plants. 

This paper deals with the relative availability to plants of exchangeable calcium 
from sand, silt, and clay soil fractions after saturation with calcium ions but 
without subsequent “weathering’’ treatment. 

EXPERIMENTAL PROCEDURE 

The soil separates of sand, silt, and clay were obtained from the Bg and C 
horizons of a Montalto silt loam profile found on the basalt of Watchung Moun- 
tain in central New Jersey. The approximate limits in size of the particles in 
each fraction were: sand, >50 m; silt, 50 to 2 g; and clay, < 2 ju. 

The separates were prepared for experimental use by continuous leaching 
first with calcium acetate buffered to pH 7.0 and then finally vith distilled water 
to remove excess calcium ions not held in exchangeable form. The amount of 
calcium remaining in exchangeable form varied from 0.125 m.e. per gram in the 
silt fraction to 0,379 m.e. per gram in the clay fraction. To test the availability 
to plants of their adsorbed calcium ions, sufficient amounts of each of the sep- 
arates were weighed out in triplicate so that each sample contained 100 mgm. of 
calcium in exchangeable form. This amount /was chosen because it was esti- 
mated, on the basis of the growth made by plants in a recent somewhat similar 
experimental set-up (9), that it would be adequate to provide the necessary 
calcium for the growth of the plants for the duration of the experiment. The 
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size and the exchangeable calcium content of soil-separate samples prepared 
for experimental use are given in table 1. 

Each weighed sample was then thoroughly mixed with 1900 gm. of white 
quartz sand that had been washed with acid, alkali, and distilled water, and the 
mixtures were placed in porcelain pots having a high silica glaze. The drainage 
holes were tightly sealed with rubber stoppers. 

A sufficient amount of nutrient solution containing all essential elements other 
than calcium was then added to each culture to bring the whole mixture up to a 
desirable moisture content. As controls, similar cultures containing only white 
quartz sand were prepared in triphcate and to each was added a nutrient solution 
similar to that used with the other cultures with the exception that the 100 mgm. 

TABLE 1 


Exchangeable calcium present and size of each sample of soil-separate fractions required to 

yield 100 mgm. of calcium 


SOIL SEPAKATE 

EXCHANGEABLE CALCIUM 

CALCIUM IONS 

SAMPLE REQUIEED TO 
YIELD 100 MGM. 
CALCIUM IONS 


m.e.lgm. 

mgm.fgm. 

gm. 

Sand 

0.272 

5.44 

18.38 

Silt. 

0.125 

2.50 

40.00 

Clay 

0.379 

7.58 

13.06 


TABLE 2 

Composition of nutrient solutions used to determine the availability to tomato plants of soluble 
calcium and of exchangeable calcium from soil separates of sand, silt, and clay 


1 

NUTRIENT SOLUTION 

CONCENTRATION OF SALTS 

CONCENTRATION OF TRACE 
ELEMENTS 

KHjPO* 

Ca(NOj )2 

NaNOs 

MgSOi 

Fe 

Mn 

B 

1 

Zn 


M 

M 

M 

M 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

With soluble calcium 

.00263 

.00526 


.00263 

0.5 

0.25 

\ 0.5 

0.5 

Lacking calcium, for soil- 




separate cultures 

.00263 


.01052 

.00263 

0.6 

0.25 

0.5 ! 

0.5 


of calcium ions were added to these cultures in soluble form as calcium nitrate. 
The composition of each nutrient solution is given in table 2. 

Three small Marglobe tomato seedlings selected for uniformity were planted 
in each pot on October 27, 1941. The water content of each culture was main- 
tained at the desired point by daily additions of distilled water. 

After 2 weeks, slight symptoms of iron deficiency appeared on plants growing 
in the control cultures containing soluble calcium. At this time a supply of the 
trace elements iron, boron, manganese, and zinc equal in amount to that origi- 
nally present in the solution was added to each culture. As a result, the green 
color of the leaves was partly restored, though it did not quite equal in intensity 
that of plants growing in the other soil-separate cultures. No additions of other 
essential nutrients were made. 



AVAILABILITY OF EXCHANGEABLE CALCIUM 


139 


At the end of 6 weeks the plants in all the cultures showed by slight but 
characteristic deficiency symptoms that the available supply of nitrogen was 
gradually becoming a limiting factor to further growth. No symptom of calcium 
deficiency was apparent in any of the cultures. The plants were then harvested 
and their green and dry weights and calcium contents determined. 

RESULTS AND DISCUSSION 

One of the most interesting results of this experiment is the fact that the plants 
in the sand-separate cultures grew just about as well as those in the silt- and clay- 
separate cultures. As shown in table 3, the average green weight of the tops of 
the plants in the sand-separate cultures was 20.4 gm., in the silt-separate cultures 
22.2 gm., and in the clay-separate cultures 19.2 gm. The ash-free dry weights 

TABLE 3 

Average green and dry weights and calcium and ash contents of tomato plants grown in sand 
cultures with soluble calcium and with exchangeable calcium from soil separates of sand^ 

siltj and clay 



PINAL pH 



TOPS 




ROOTS 


WHOLE 

PLANTS 

lORM oy CALCIUM 
SUPPLIED 

OP SUU- 
STPATE 
SOLUTION 

Green 

weight 

per 

plant 

Dry 

weight 

per 

plant 

Calcium 
content 
of dry 
matter 

Calcium 

re- 

moved 

per 

plant 

Ash 

content 

Dry 

weight 

per 

plant, 

ash-free 

Calcium 
content 
of dry 
matter 

Calcium 

re- 

moved 

per 

plant 

Total 

calcium 

removed 

per 

plant 

Soluble.... 

6.8 

gm. 

10.1 

gm. 

0.85 

: per cent 

3.85 

mgm. 

32.7 

Per cent 

. 21.7 

gm. 

0.19 

per cent 

2.15 

mgm. 

\ 3.2 

mgm. 

35.8 

Exchangeable, 
sand-separate*. . 

7.1 

20.4 

1.68 

1.51 

25.3 

17.8 

0.50 

0.54 

2.7 

27.9 

Exchangeable, 
silt-separate 

7.2 

22.2 

1.91 

1.44 

27.4 

17.7 

0.50 

0.51 

2.5 

29.9 

Exchangeable, 
clay -separate . . . 

7.3 

19.2 

1.66 

1.66 

27.7 

19.9 

0.41 

0.67 

2.7 

30.1 


of the roots of these respective cultures also differed but little from one another. 
Likewise, when considered on the basis of the ash content and calcium content 
of the tissues, there appeared to be no great differences between the mineral metab- 
olism of these cultures. The plants in the sand-separate cultures absorbed 27.9 
mgm., in the silt-separate cultures 29.9 mgm., and in the clay-separate cultures 
30.1 mgm. of calcium per plant. 

The plants in the cultures supplied with calcium in soluble form as calcium 
nitrate behaved quite differently from those in the various treatments containing 
the soil-separate fractions. Their average green and dry weights per plant were 
approximately only half as great, whereas their ash and calcium contents, ex- 
pressed in percentage of the dry matter, were much greater than the correspond- 
ing values in the soil-separate cultures. This indicates a so-called “luxury 
consumption” of calcium and at the same time emphasizes the effectiveness of 
large as well as small soil particles bearing exchangeable calcium ions in the 
process of absorption by roots and in green and dry weight production of plant 
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tissue. The low green and dry weight production of the plants supplied with 
calcium in the form of the nitrate was undoubtedly associated with the chlorosis 
which, as previously noted, appeared during the early gro’wth phases of the ex- 
periment. This chlorosis was of the iron-deficiency type which is associated with 
an increase in pH values of the nutrient solution and is likely to occur in sand or 
solution cultures when nitrogen is supplied solely in the nitrate form and partic- 
ularly when, as in this experiment, iron is not added to the cultures daily. The 
maintenance of chlorosis-free growth in the soil-separate cultures is probably to 
be accounted for as part of the ''regulatory action'’ which soil-colloidal substances 
possess and which is so important in the adjustment of plants to varying condi- 
tions in the soil. 

The fact that quantities of calcium of the same order of magnitude were re- 
moved by plants from the three series of soil-separate cultures brings up an 
interesting point regarding the mechanism by which an exchangeable ion is 
absorbed by plants. The means by which an ion, held in exchangeable form on 
a soil particle, arrives at the root surface has long been a subject of speculation. 
The older point of view is that some ion in the soil solution, usually hydrogen, 
replaces the exchangeable cation, like calcium, ^vhich then migrates toward the 
root surface. The hydrogen ion may come from the root surface itself. Jenny 
and Overstreet (6) have proposed a somewhat different mechanism for the 
absorption of exchangeable ions. According to this theory, termed "contact 
exchange,” the exchangeable ion on the soil particle need not leave the sphere 
of influence of the particle before it reaches the root surface and is absorbed. If 
the root surface comes in contact with the particle, the exchange occurs between 
the exchangeable ions of the particle and the root surface. The results herein 
reported would seem to throw some light on the question whether the absorp- 
tion of exchangeable calcium ions, in this experiment at least, took place largely 
by a contact exchange mechanism. If this were so it would be expected that the 
greatest absorption of calcium ions would have occurred in the cultures with the 
clay fractions, which, on the basis of particle size, possess the greatest area of ex- 
posed surface. There was little difference, however, between the total exchange- 
able calcium removed by the plants in the clay-, silt-, and sand-separate cultures. 

Of course, as table 1 shows, the samples of the several soil-separate fractions 
were chosen, not equal in w’^eight but such that each contained the same amount 
of exchangeable calcium, namely, 100 m.e. Yet the apparent surface area of 
the 13.06 gm. of the clay sample used for each culture was undoubtedly many 
times that of the sand-separate sample, which weighed 18.38 gm. When the 
sand-separate particles were mixed with 1,900 gm. of white quartz sand, the 
average distance between the calcium-bearing particles was relatively great- 
many times greater than the oscillation distance of the exchangeable ion. Hence, 
only a relatively minute amount of surface of these calcium-bearing sand particles 
could have been in actual contact with the plant roots. 

The exchangeable ions very probably, therefore, migrated considerable dis- 
tances through the inert substrate before being absorbed by the roots. It would 
appear that, in these cultures at least, contact exchange was not the principal 
mechanism of calcium absorption. 
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It is possible, of course, that the surfaces of the calcium-bearing sand particles 
which have lost calcium ions can be replenished by exchangeable ions from within 
the sand particle. Some of the exchangeable ions of these large calcium-bearing 
particles must exist within the particle in crevices or channels, because the ex- 
change capacity cannot be accounted for on the basis of the apparent surface of 
the particles alone. Yet even though ion transfer may occur from within to the 
surface of the particle, this would appear inadequate to account for the rather 
large amount of the exchangeable calcium removed by the plants, which in the 
case of the sand-separate cultures amounted to an average of approximately 28 
per cent of the total exchangeable calcium present. 

Many factors other than size, such as chemical composition, degree of weather- 
ing, and physical state, are involved in the delivery of cations to plant roots by 
soil particles. For example, silica sand particles would not function in this 
capacity to any significant degree. These factors have not been treated in this 
discussion, yet the foregoing experiment emphasizes the fact that certain soil 
particles large enough to be classified as sand, may have an important role in the 
supply of nutrient cations to plants. 

SUMMARY 

In an experiment to determine the comparative availability to plants of ex- 
changeable calcium held by soil particles of different sizes, samples of sand, silt, 
and clay fractions mechanically separated from Montalto silt loam were chosen 
to contain equal amounts of exchangeable calcium and were used with white 
quartz sand as a substrate for the growth of tomato plants, essential ions other 
than calcium being supplied in soluble form. The results may be briefly sum- 
marized as follows: 

Plants grew almost equally well in cultures containing sand-, silt-, and clay-separate 
fractions. 

Plants absorbed calcium held in exchangeable form by sand particles almost as rapidly 
as from silt and clay particles. 

Under conditions of this experiment, the absorption of exchangeable calcium from the 
sand-separate particles apparently occurred largely by processes other than contact ex- 
change. 

Particles in the soil as large as those classed as sand cannot be neglected as an important 
source of available calcium for plants. 
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The great determinative effect of the dissolved oxygen tension in the nutrient 
substrate on the absorption of the nutrient ions by plants has been pointed out 
by many investigators. Some of the most important work along these lines was 
carried out by Steward and Preston (12), with potato discs in single-salt or two- 
salt solutions, and by Hoagland and Broyer (8) and by Burstrom (5) with de- 
capitated roots. 

It is, therefore, of great interest and importance to investigate the influence 
of the dissolved oxygen tensions of a nutrient substrate on the absorption of 
essential ions from a balanced solution using vigorous intact plants as indicators. 

Since the influence of variations in the dissolved oxygen tensions on the ab- 
sorption of nitrate and ammonium ions by intact plants has been studied by 
Gilbert and Shive (6) and by Arrington and Shive (2), the present investigation 
was restricted to a consideration of the calcium, potassium, and phosphate ions. 

A number of experimental difficulties presented themselves. Since the rate 
of absorption of cultures subjected to variations in dissolved oxygen tension 
varies, the concentrations of nutrients and the pH of the substrates fail to remain 
constant during the experimental interval, thus introducing variables which 
affect the quantitative measurements of absorption rates. Furthermore, the 
use of the continuous flow solution culture method makes it diflGicult and unwieldy 
to collect quantitatively all the solution passing by the roots in a given time 
interval and to determine by analysis of the nutrient solution the relatively small 
quantity of ions absorbed by the plant. To transfer the plants to fresh solutions 
every 24 hours means exposing the moist roots to the atmosphere. Some of the 
oxygen in the air is immediately dissolved in the water films around the roots. 
This obviously is a source of contamination which should be avoided, since it 
renders impossible the maintenance of a designated oxygen concentration which, 
at best, is only an approximation, especially at the low oxygen tensions. 

An experimental method was accordingly evolved, which, if it does not com- 
pletely obviate the aforementioned sources of experimental difficulty, does render 
them less critical. 

MATERIALS AND METHODS 

Expenmerdol rmthods 

The apparatus is illustrated in figure 1. The culture vessel B is a 400-33 q 1. 
beaker, which is calibrated at 350 ml. The beaker is fitted with a rubber stopper 
containing short lengths of glass tubing through which the plants are inserted, 

^ Journal Series paper of the New Jersey Agricultural Experiment Station, Eutgers 
University, department of plant physiology. 
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essentially as described by Gilbert and Shive (6). Through the rubber stopper 
are also inserted A, a capillary tube by means of which the oxygen mixture is 
bubbled through the nutrient solution; C, a siphon through which the nutrient 
solution is removed; and Z), a length of glass tubing which is connected by rubber 
tubing S to the constant-level reservoir R. R consists of a 2-quart Mason jar 
filled with distilled water inverted in a glass “nappy/’ A notch is cut into the 
rim of the Mason jar to allow the glass tube T to be inserted as diagramed. 

The constant level reservoir R functions as follows: The apparatus is adjusted 
so that the solution surface in the “nappy” and the calibration mark on the 
beaker are at the same level, as indicated by the distance X in figure 1. Thus, 
when D S T is filled with water, no movement of water from T to D can occur. 
Now, as the plants remove water from B through transpiration, the level of the 
nutrient solution falls in B below the level X and water immediately siphons 



Fig. 1. Diagram of Culture Apparatus 
For explanation see text 


over to B from J?, restoring the original solution level. By this simple means, 
a constant volume of solution is maintained in the culture vessel at all times, 
without regard to the rate of transpiration or other uptake of water by the 
plants. 

M consists of a Berzelius-type liter beaker which is filled with distilled water 
and brought to the required oxygen level. This is accomplished by passing the 
proper gas mixture through the capillary aeration tube A\ S' is a simple siphon 
tube the function of wlrich is explained hereinafter. 

The siphon C is used to draw off the nutrient solution for anlysis. It is kept 
filled with water and closed by a pinch clamp at P. 

The culture vessel is surrounded by a light-tight, heavy wrapping paper shield 
to prevent light from reaching the nutrient solution. These precautions are 
necessary in order to suppress the growth of algae. 

The composition of the nutrient solution used is given in table 1. The stock 
solution was made up to 3.5 times its normal strength, so that 100 ml. ^^o the 
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solution could be pipetted into the culture beakers and distilled water added 
to the calibration mark. This resulted in a nutrient solution of the proper con- 
centration at exactly the same volume in each culture vessel, without the ne- 
cessity of disturbing the plants in any way. 

The procedure of running an absorption determination may be described 
stepwise as follows, and for clarity, it will be assumed that an absorption interval 
has just been concluded: 

1. The rubber tubing S is pinched off so as to maintain the siphon, after which it is dis- 
connected from tube D and replaced with S'. 

2. Tube P is opened, and the solution is collected in a liter volumetric flask. 

3. Just as the last bit of solution is siphoned over, a small portion of water from M is 
added so as to wash out solution from B. The additions must be so timed that the siphon 
at C is not broken. 


TABLE 1 

Composition of nutrient solution 


SALT 

CONCENTRATION 

OF SALT 

QUANTITY OF 0.5 M 
STOCK PER 19 LITERS 

ELEMENT 

CONCENTRATION 

OF ELEMENT 


M 

CC. 


p.p.m. 

Ca(N03)2 

0.0047 

180.0 

Ca 

189.5 




N 

1 132.6 

KH 2 PO 4 

0.0012 

45.0 

K 

92.4 




P 

36.7 

K 2 SO 4 

0.0012 

22.5 

S 

150.8 

MgS04 

0.0024 

90.0 ' 

Mg 

56.8 

FeS04 



Fe 

0.50 

MnS04 



Mn 

0.15 

H 2 BO 3 



B 

0.25 


4. Tube P is then pinched off and from M, B is filled with distilled water, which is thea 
siphoned off, all the wash water being caught in the liter flask. This procedure effectively 
washes out all the nutrient solution as well as the material adhering to the roots. 

As the level of the solution drops in Z), the back pressure on the gases passing through A 
is decreased, and as a consequence the gas flows more rapidly. This helps to maintain the 
proper concentration of oxygen around the moist roots by displacing any atmospheric air 
which might enter. The constancy of the oxygen tensions is further maintained by using 
wash water from M, which has been brought to the proper dissolved oxygen concentration 
beforehand. It is admitted that the designated oxygen concentration is not absolutely 
maintained, but a close approximation to the desired oxygen levels results from this pro- 
cedure. 

5. B is now half filled with water from M, and 100 ml. of the stock nutrient solution is 
added, either through a tubulature in the rubber stopper, or through the space between the 
lip of the beaker and the rubber stopper. 

6. More water is added from M until the level in B stands slightly below the calibration 
mark. 

7. S' is then removed and S reattached. The siphon is started by raising R and opening 
the pinch clamp on B. 

8. R is replaced at height X, and the solution in B automatically adjusts itself to the 
proper level. 
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9. The solution in the volumetric flask is made up to volume, and aliquots are taken for 
analysis. The original concentration of the nutrient solution is equal to 100 ml. of stock 
solution diluted to 1 liter. The milligrams of the element absorbed can then be easily 
calculated by difference. 

It must be emphasized that the various steps should be performed as rapidly 
as possible in order to minimize the time during which the roots are not in contact 
with solution. The shorter this time interval is, and the faster the gas flow 
through A, as the solution in B is removed, the more constant will be the oxygen 
concentrations around the roots. 

The gases used to provide the 4- and 16-p.p.m. treatments were mixtures of 
oxygen and nitrogen contained in gas cylinders. These mixtures were prepared 
at the factory from pure water-pumped oxygen and nitrogen. A mixture of 
10 per cent oxygen and 90 per cent nitrogen passed through the culture solution 
at a regulated rate of flow produced an oxygen tension of 4 p.p.m. in the solution, 
whereas 40 per cent oxygen and 60 per cent nitrogen produced an oxygen tension 
of 16 p.p.m. Passage of pure nitrogen gas through the solution resulted in 0 
p.p.m. Air compressed directly from the atmosphere provided a source of 20 per 
cent oxygen, which produced a dissolved oxygen tension of 8 p.p.m. when bub- 
bled through the nutrient solutions at a regulated rate of flow. 

As shown by Gilbert and Shive ( 6 ), and here confirmed, it was possible to 
maintain the oxygen concentrations only within maximum variations of 25 per 
cent of the specified values because of oxygen solubility variations with tempera- 
ture and because of the variations in the rates of oxygen absorption by large, 
rapidly growing plants. Frequent checks, however, on the dissolved oxygen 
concentration by means of the Van Slyke manometric apparatus (9), and the 
subsequent adjustment of the rate of flow of the gases, provided a measure of 
control. Thus, the maximum variation of 25 per cent of the specified values did 
not occur often, and the average range of variation of the oxygen tensions 
from the specified values, over an experimental interval, was relatively narrow. 

Analytical methods 

Calcium was precipitated as the oxalate and titrated with 0.01 N potassium 
permanganate essentially as described in the ^^Official Methods of the A.O.A.C.^' 
(3, p. 105). An innovation was introduced, however, by the use of fritted glass 
filter sticks (Corning 39535, diameter 10 mm., porosity F), in filtering and 
washing the precipitate. The use of the filter sticks decreased the number of 
steps in the determination, and as a result, the length of time consumed in each 
determination was considerably reduced. 

Briefly, the filter sticks were used as follows: The calcium oxalate was pre- 
cipitated in 50-cc. beakers. After the precipitate had been digested and cooled, 
the supernatant liquid was drawn off by means of the filter stick. The pre- 
cipitate was washed with successive portions of very dilute ammonium hydroxide 
solution. Then 5 cc, of 1-4 H 2 SO 4 and 10 ml, of distilled water were added, 
heated to 90°, and titrated with the standard permanganate. All of the pre- 
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cipitate was effectively dissolved off the filter stick, and no loss was occasioned. 
The filter stick was subsequently used as a stirring rod during the titration. 

Potassium was determined by the method of Hibbard and Stout (7). Im> 
mersion filter sticks were also employed as described above, rather than the talc 
filters described in the original article (7). The precipitate was washed with 
dilute nitric acid rather than with acetic acid and distilled water, as suggested 
by Hibbard and Stout. 

Phosphorus was determined by the amidol method described by x411en (1), 
and the color determined by the use of a photoelectric colorimeter. 

Experimental plan 

The experimental plants w^ere started in sand with a dilute (1-4 standard 
concentration) nutrient solution. When the first leaves were apparent, uniform 
seedlings were selected and gently inserted, root first, through the bore of the 
glass tube supports (G, fig. 1). Each culture contained six plants. A number 
of extra cultures were set up so that a series of uniform cultures could be selected 
for the actual experiment. The cultures were supplied with lialf-strength nu- 
trient solution until they reached the desired stage of growth. They were then 
placed on a distilled water substrate for 24 hours so as to produce plants of a 
low salt content by allowing growth to occur, thus decreasing the salt concentra- 
tion within the tissue. This procedure produced what may be considered a 
“salt deficit’^ in relation to growth. 

Uniform cultures were selected, placed in a full-strength nutrient substrate, 
and supplied with the solution at the desired oxygen levels. The absorption 
of the nutrient elements was determined every 24 hours for 6 days (except series 
III), according to the procedure outlined above. The absorption intervals in 
series III were 48 hours, and an experimental interval of 8 days was employed. 
At the end of the experimental period the plants were removed from the culture 
vessels, and the roots were w^ashed thoroughly with distilled water, harvested, 
and dried at 70° for 48 hours. The tissue was weighed, ground in a small Wiley 
mill, and stored for analysis. 

In all the experiments described, young 30-day-old plants were utilized so that 
the data obtained wmuld be related to as great a quantity of active meristematic 
tissue as possible. The data resulting from such experiments will reflect the 
activity of the protoplasmic complex and will not be clouded by the presence of 
an excessively large amount of dead or metabolically inactive tissue. 

Furthermore, short experimental intervals were used so that the experimental 
plants were all of the same approximate physiological age and growth status. 
Thus, according to Petrie (10), ontogenetic changes are reduced to a minimum, 
and the observed effects are truly metabolic in nature. 

The experimental plants utilized in the ion-absorption series were tomatoes 
and soybeans, two species that have been observed to respond differently to 
variations in the oxygen tensions in the substrate. The experiments were re- 
peated three times with tomato, as the experimental plant, and once with soy- 
beans. 
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EXPERIMENTAL RESULTS 

Influence of dissolved oxygen concentration 

Series I— Soybeans (var, Harbinsoy). The daily absorption values for calcium, 
potassium, and phosphorus at each oxygen level employed for a 6-day experi- 
mental period with 30-day-old plants are presented in table 2. The data are 
expressed in milligrams absorbed per culture (6 plants) per 24 hours. The totals 
are the sums of the daily absorptions and indicate the total milligrams of the 
nutrient ions absorbed during the entire experimental period. 

It will be observed from the data that the absorption of all the nutrient ions 
is directly related to the oxygen tension of the substrate. The absorption is least 

TABLE 2 


Absorption of Ca, P, and K by soybean plants at different oxygen tensions in the nutrient 

substrate-series I 



CAICITJM 

POTASSIUM 

PHOSPHORUS 

02 

0 

4 

8 

16 

0 

4 

! 8 

16 

0 

4 

8 

16 

days 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

1 

8.4 ^ 

11.6 

11.6 

13.2 

28.9 

28.9 

28.9 

28.9 

7.6 

9.3 

10.7 

11.4 

2 

7.0 

9.2 

10.2 

28.0 

26.1 

28.1 

28.3 

28.9 

7.0 

8.4 

10.5 

12.2 

3 

9.0 

13.2 

13.6 

6.2 

36.9 

45.8 

52.2 

52.2 

7.5 

8.8 

9.5 

11.2 

4 

9.2 

8.6 

10.0 

9,4 

35.6 

36.8 

35.8 

36.0 

8.6 

9.2 

11.3 

11.5 

5 

4.6 

5.2 

5.2 

6.6 

23.8 

19.7 

27.0 

25.6 

6.1 

6.2 

10.0 

9.0 

6 

1.0 

9.8 

11.0 

8.0 

40.7 

45.6 

50.3 

52.7 

7.9 

8.3 

11.7 

12.0 

Total 

39.2 

57.6 

61.6 

71.4 

191.9 

204.9 

222.5 

224.3 

44.7 

50.2 

63.7 

67.3 

Average per 













plant 

6.5 

9.6 

10.3 

11.9 

32.0 

34.1 

37.1 

37.4 

7.4 

8.4 

10.6 

11.2 

Ratio* 

1.0 

1.5 

1.6 

1.8 

1.0 

1.1 

i 

1.2 

1.2 

1.0 

1.1 

1.4 

1.5 


* Absorption rates at different oxygen tensions based on absorption rate at 0 p.p.m. as 
unity. 


at 0 p.p.m. and increases with increasing oxygen tension to the maximum at 16 
p.p.m. The total values emphasize this point. It is evident, therefore, that 
the metabolic activity of the roots, as controlled by the oxygen tension of the 
substrate, has a great determinative effect upon the absorption of ions by the 
roots. Low metabolic activity, which is produced by semianaerobic conditions 
resulting from deficient oxygen, retards absorption rates, whereas an increasing 
available dissolved oxygen supply, approaching the optimum level, produces an 
aerobic condition and a cpncommittant increase in the absorption rate of the 
nutrient: ion. ■ , 

Series II--Tornato {var, Marglobe). Table 3 presents a similar set of data 
obtained by using the tomato as the experimental plant. Again, the absorption 
rate bears a direct relation to the dissolved oxygen tension. In this case, how- 
ever, 8 p.p.m. of dissolved oxygen corresponds to the maximum absorption 
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rate, and 16 p.p.m. retards the absorption rate to a point considerably below the 
optimum. This decrease in the absorption rates at 16 p.p.m. proved to be a 


TABLE 3 

Absorption of Ca, P, and K by tomato plants at different oxygen tensions in the nutrient 

substrate-series II 



CALCIUM 

POTASSIUM 

PHOSPHORUS 

02 

0 

4 

8 

16 

0 

4 

8 

16 

0 

4 

8 

16 

days 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

1 

10.4 

10,8 

11.8 

15.0 

11.5 

15.0 

29.7 

■ 22.6 

3.2 

4.2 

3.5 

3.5 

2 

12.2 

12.8 

16.8 

13.4 

20.3 

26.4 

31.1 

31.2 

3.2 

; 4.2 

14.5 

5.9 

3 

9.6 

9.4 

1 60.0 

28.8 

21.6 

28.1 

! 31.2 

31.1 

4.3 

1 5.6 

5.9 

1 8.0 

4 

12.2 

9.6 

32.4 

21.0 

20.0 

25.6 

31.8 

31.9 

4.9 

6.4 

8.3 

7.9 

5 

13.4 

14.4 

17.6 

19.0 

31.4 

31.8 

31.2 

31.8 

6.9 

9.0 

10.0 

8.9 

6 

9,6 

12.2 i 

23.6 

26.4 

31.2 

31.8 

30.8 

31.8 

5.7 

7.4 

8.0 

9.7 

Total 

67.4 

69.2 

162.2 

123.6 

136.0 

158.7 

185.8 

180.4 

28.2 

36.8 

50.2 

43.9 

Average per 






1 







plant 

11.2 

11.5 

27.0 

20.6 

22.7 

26.5 

30.9 

30.1 

4.7 

6.1 

8.4 

7.3 

Ratio* 

1.0 

1.0 

2.4 

1.8 

1.0 

1.2 

1.4 

1.3 

1.0 

1.3 

1.9 

1.6 


* Absorption rates at different oxygen tensions based on absorption rate at 0 p.p.m, as 
unity. 


TABLE 4 


Absorption of Ca, P, and K by tomato plants at different oxygen tensions in the nutrient 

substrate — series III 



CALCIUM 

POTASSIUM 

PHOSPHORUS 

O 2 P-Pm> 

0 

8 

16 

0 

8 

16 

0 

8 

16 

days 

mgm. 

mgm. 

mgm. 

mgm. 

1 mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

2 

24.0 

57.6 

34.8 

17.2 

18.6 

18.0 

2.2 

6.0 

3.0 

4 

18.8 

33.6 

25.6 

16.0 

17.2 

17.8 

1 1.4 

3,4 

2.8 

6 

96.4 

107.6 

102.0 

16.5 

17.2 

17.6 

5.4 

14.5 

7.3 

8 

26.0 

62.4 

47.6 

15.5 

17.5 

17.0 

2.2 

12.8 

6.5 

Total 

165.2 

261.2 

21.00 

65,2 

70.4 

70.4 

11.2 

36.7 

19.6 

Average of four 










plants . 

41.3 

65.3 

52.5 

16.3 

17.6 

17.6 

2.8 

9.2 

4.9 

Ratio* 

1.0 

1.6 

1.3 

1.0 

1.1 

1.1 

1.0 

3.3 

1.8 


* Absorption rates at different oxygen tensions based on absorption rate at 0 p.p.m. 
as unity. , . 


constant characteristic of tomato plants. Oats, in a preliminary experiment, not 
reported here, showed a similar falling off in absorption rates at 16 p.p.m. of 
oxygen in the substrate. 
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The calculated ratios in the last line of table 1 and of table 2 indicate a very 
important fact, which would not be discerned readily from the recorded data of 
the tables. It will be observed that calcium and phosphorus are influenced to a 
greater extent by the differences in oxygen tensions than is potassium. These 
relationships are more clearly defined in the next series. 

Series III— Tomato (var. Marglohe). In series III the determinations of ion 
absorption were made every 48 hours. This prolonged absorption interval al- 
lowed greater differences to become apparent. In addition, the environmental 
conditions during this experimental interval were somewhat less erratic mth 
respect to temperature, light, and humidity than in series I and IL Only three 
oxygen levels were used. 

Table 4 gives the data obtained. It will be observed that the same trends as 
in series I and II were obtained. The optimum absorption rates are again 
attained at 8 p.p.m. of oxygen, and again, at 16 p.p.m. of oxygen in the substrate, 
they fall below the optimum. 

Behavior of individual ions 

The influence of the dissolved oxygen tensions in the substrate on the absorp- 
tion rates of the various nutrient ions investigated is not the same. This fact is 
illustrated in figures 2, 3, and 4. The ordinates represent the average milligrams 
of the element in question absorbed from the nutrient solution per plant. These 
are plotted against time as the abscissas. The individual points on the curve 
are summation points. That is to say, they represent the total amount of the 
element in question absorbed from the start of the experimental period to the 
time in days indicated. The slope between any two points represents, therefore, 
a basis for the measure of the rate of absorption during that time interval, and 
the distance along the ordinate between the individual curves represents the 
effect of the dissolved oxygen tension on the rates of absorption. 

Figure 2, represents the absorption of calcium by the plants in series III 
plotted against time as above described. The great dependency of absorption 
rates upon the oxygen tension of the substrate is evident from the spacing of the 
graphs. The points on the curve representing absorption at an oxygen level 
of 8 p.p.m. are separated by relatively large values from those on the curve of 
absorption at the oxygen level of 0 p.p.m. The retarding effect of the high oxy- 
gen level (16 p.p.m.) on the absorption of calcium by tomato plants is indicated 
by the fact that the curve of absorption at this oxygen level lies between those 
at 0 p.p.m. and 8 p.p.m. 

Figure 3, indicates the effect of oxygen tensions employed on the absorption 
of phosphorus. Here again, there is shown a direct dependency of the absorption 
of phosphorus on the oxygen concentrations supplied to the roots. The retarding 
effect of excessive oxygen tension on absorption is again demonstrated by the 
fact that the graph representing phosphorus absorption at the highest oxygen 
level lies intermediate between the other two graphs. 

Figure 4, which presents the absorption rate of potassium at the several oxygen 
tensions, plotted against time, demonstrates a very different absorption pattern 
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from that indicated for calcium and phosphorus with the tomato seedlings as the 
indicator plant. 

These graphs, representing potassium absorption at each of the three oxygen 
levels over a total period of 8 days, indicate that the removal of potassium from 
the substrate by the plant is a straight-line function of time. Since two of the 
graphs are virtually superimposed, and since the third (absorption at 0 p.p.m. 
oxygen) is only slightly below the other two, they clearly indicate that the 
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Fig. 2. Absorption op Calcium by Tomato Plants in Milligrams per 48 Hours per 
Plant at Different Oxygen Concentrations in the Substrate 
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Pig. 3. Absorption of Phosphorus by Tomato Plants per 48 Hours per Plant at 
Different Oxygen Concentrations in the Substrate 

absorption of potassium by the tomato plant is not so materially influenced by 
the oxygen levels of the substrate, under the experimental conditions here con- 
sidered, as are calcium and phosphorus. In this, potassium absorption differs 
notably from the absorption of the other ions, which is, in large measure, deter- 
mined by the oxygen level of the substrate. This is borne out also by the ratio 
figures of table 2 and 3. 

The explanation of these observations may be associated with the fact that of 
all the nutrient ions, potassium is the least hydrated, is completely soluble 
within the plants, and possesses, therefore, a high degree of mobility. It is 
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possible that because of these properties', absorption of potassium falls less than 
does that of the other ions, under the control of respiratory processes, -which are 
dominated by the oxygen supply in' the substrate. 

There is, nevertheless, even for the potassium ion, a definite relationship be- 
tween deficient aeration and inadequate nutrient uptake, as is indicated by the 
data of tables 2, 3, and 4. Other workers (4, 12), have obtained similar results, 
and it appears certain that absorption of all cations and anions is a direct function 
of the metabolic activity of the roots, and that any explanation of ion accumula- 
tion purely on the basis of diffusion phenomena is inadequate. 


K 



Fig. 4 . Absorption of Potassium by Tomato Plants in Milligrams per 48 Hours per 
Plant at Different Oxygen Concentrations in the Substrate 

Influence of climatic conditions 

The absorption of various nutrient ions by the roots was further influenced 
by the activity of the tops. Although the experiments described were not 
designed toward this end, the data obtained demonstrate some aspect of the 
influence of the tops on absorption by the roots. 

It will be observed from tables 2, 3, and 4 that the absorption rates varied 
considerably from day to day. These variations were observed to depend upon 
the climatic conditions during the absorption intervals in question. Absorption 
rates during a clear, bright day, with low humidity, always were higher than 
those during an interval characterized by low light intensity and high humidity, 
as under an overcast sky. From these observations it appears that the high 
transpiration rates and the general vigorous activity of the plants on clear, dry 
days resulted in a greater absorption of nutrient ions, especially calcium and 
phosphorus, than when the transpiration rates were generally low. Here 
temperature also was a factor that contributed a share in the general activity of 
the plant and its processes. However, the general activities of the plant, 
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whatever may be the factors which control them, appeared to have much less 
influence on the rates of potassium absorption, as indicated by the linear relation- 
ship to time, than on those of any of the other ions here considered. 

DISCUSSION 

Aside from the demonstrated fact that there 'was a direct relationship between 
aerobic respiration and ion absorption and accumulation, a fact which has been 
substantiated by several investigators (2, 4, 8), there is little knowledge con- 
cerning the actual mechanism involved in the absorption of ions. It is mani- 
festly impossible, therefore, to point out the exact function of the dissolved 
oxygen in the absorption mechanism other than to say that it has a determinative 
influence upon respiration, "v^hich in turn has a regulatory influence in main- 
taining the metabolic status of the cells, including the absorption mechanism. 

Gilbert and Shive (6) have shown that plants can absorb nitrates at a higher 
rate under conditions of low oxygen tension in the nutrient substrate than when 
the dissolved oxygen supply is adequate for normal growth and development. 
This is due to the fact that when the supply of oxygen for respiration is 
deficient, the plants rapidly reduce the absorbed nitrate ions, and in the process, 
oxygen is released and becomes available for the respiratory processes. It is 
interesting to consider whether oxygen could be released from oxygen-containing 
complexes, other than nitrate ions, which could be utilized in the respiratory proc- 
esses. Theoretically, the absorption of the phosphate ions should not yield 
active oxygen which could be utilized in respiratory processes, since this ion 
enters into combination in the organic complexes directly as the phosphate and 
does not undergo reduction in the same manner as does the nitrate ion. 

The data presented show that the absorption of the phosphate ion was directly 
influenced by the oxygen tension of the substrate, that is, low rates of absorption 
of the phosphate ion were directly associated with low oxygen levels, and high 
rates of absorption, with high oxygen levels. It is thus evident that absorbed 
phosphate ions, unlike absorbed nitrate ions, cannot provide a source of active 
oxygen which may be utilized in the respiratory processes under anaerobic 
conditions. This is in accord with theoretical considerations. 

On the other hand, reduced sulfur groups do occur in the plants. It is con- 
ceivable that the reduction of the sulfate ion might release active oxygen which 
might function in respiration, under anerobic conditions. The quantity of active 
oxygen which might be supplied from this source would, of necessity, however, be 
too small to be materially effective in anaerobic respiration. The data obtained 
in the present investigation provide no evidence bearing upon this question. 

SUMMARY 

A culture apparatus and experimental method have been presented for the 
direct determination of ion absorption by plants at approximately maintained 
dissolved oxygen tensions in the substrate by periodic analysis of the nutrient 
solution without disturbing the plants. 

The tomato and the soybean were used as the indicator plants, and the daily 
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absorption of potassium, calcium, and phosphorus was determined over weekly 
experimental intervals at oxygen levels of 0, 4, 8, and 16 p.p.m. 

The absorption of all the nutrient ions considered was directly related to the 
oxygen tension of the substrate. The absorption of the nutrient ions was least 
at 0 p.p.m. and rose to an optimum at the higher oxygen levels. 

For soybeans, the maximum absorption rate was obtained at 16 p.p.m. 

The maximum absorption for tomatoes was at 8 p.p.m. In the case of these 
plants, 16 p.p.m. retarded the absorption rate to a point below the optimum. 

The absorption of calcium and phosphorus was directly dependent upon the 
dissolved oxygen supply. Potassium, however, was not so materially in- 
fluenced by the oxygen levels of the substrate but demonstrated a greater in- 
dependence than did calcium and phosphorus in relation to the various oxygen 
levels. 

The data indicated that the generally vigorous activity of the plants on clear, 
dry days accelerated the absorption of nutrient ions, especially calcium and 
phosphorus. These factors, however, have much less influence in modifying the 
rates of potassium absorption than they do those of any of the other ions here 
considered. 
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The ability of some of the common soil fungi to S 3 mthesize lignin-like com- 
plexes when grown on a sucrose-nitrate medium was demonstrated by Thom 
and Phillips (8). The black and brown species, commonly found growing on 
decaying vegetation at the soil surface, contained up to 29 per cent of these 
lignin-like substances, whereas the colorless or light-colored fungi contained 
little lignin. Likewise, some of the brown and black wood-destro 3 dng bracket 
fungi contained as much as 54 per cent of these materials, whereas the light- 
colored species contained only about 2 to 4 per cent. In a later paper Phillips 
(5) reported a chemical study of the lignin-like material in one of these bracket 
fungi. This material was found to resemble lignin in some of its chemical reac- 
tions but contained almost no methoxyl groups. Although Thom and Phillips 
(8) pointed out the possible relationship of these lignin-like substances in the 
filamentous fungi to the formation of soil organic matter, no further work along 
these lines has been reported. The present paper presents results obtained with 
12 filamentous fungi, mostly species that are found in the soil or on decaying 
plant materials. Both pigmented and unpigmented species were selected. 

METHODS 

The fungi were grown in 3-liter wide-mouth Erlenmeyer flasks stoppered with 
cotton and containing 500 ml. of nutrient medium. 

The compositions of the media used, apart from the nitrogen source, were as 
follows: 

A. Czapek’s medium: K2HPO4, 1.0 gm.; KCl, 0.5 gm.; MgS 04 * 7 H 20 , 0.5 gm.; FeSOi* 
7 H 20 , 0.01 gm.; sucrose, 30 gm.; and distilled H20, 1 liter. 

B. Same as A except NaCl, 0.2 gm., instead of KCl, 0.5 gm., and trace elements instead 
of FeS 04 * 7 H 20 , 0.01 gm.; plus CaS 04 * 2 H 20 , 0.1 gm. 

C. Same as B plus CaCOs, 10 gm. 

D. Same as B except K3PO4, 1 gm., and K2HPO4, 0.5 gm., instead of K2HPO4, 1 gm. 

The trace elements added to media B, C, and D were supplied at the rate of 10 ml. per 

liter of a solution having the following composition: FeS04*7H20, 150 mgm.; ZnS04*7H20, 
125 mgm.; CuS 04 * 5 H 20 , 30 mgm.; MnCl2*4H20, 25 mgm.; NaMo 04 - 2 H 20 , 4.5 mgm.; and 
distilled H 20 , 1 liter. 

The media were sterilized in the autoclave, inoculated in duplicate or triplicate 
with pure cultures, and incubated at 25°C. for 1 month. 

1 We wish to express our appreciation to C. Thom and M. Phillips for helpful suggestions 
and to M. S. Sherman for making the carbon analyses. The cultures were supplied by Dr. 
Thom and the numbers following their names are those used by him. 

2 Division of Soil and Fertilizer Investigations, Bureau of Plant Industry, Soils and 
Agricultural Engineering, Agricultural Eesearch Administration, Beltsville, Maryland. 
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Prior to deciding upon the temperature of incubation to be used, a preliminary 
experiment was run with four cultures grown at both 25"^ and 30°C. The rates 
of growth of Cladosporium fulvum 5668, Cladosporium 5464.2, and Altemaria 
were about equally good at the two temperatures, whereas Helminthosporium 
542816 grew somewhat better at the lower temperature. The weight of fungus 
obtained per unit of sugar consumed was about 20 per cent higher at the lower 
temperature. 

At the end of the incubation period the pH values of the media were determined 
colorimetrically and the sugar contents by the method of Shaffer and Hartmann 
(7). The fungus mat was dried at 40 to 45°C. for about 5 days to constant 
weight. This method was used to avoid decomposition, which was observed 
to take place at 105®C., and also to minimize errors in the determination (3) 
of lignin. 

Ligninlike material was determined by the 72 per cent sulfuric acid method 
(6), and the corrected value was obtained by subtracting the protein (nitrogen 
X 6.25). The protein correction in this particular study is only an approxima- 
tion, since fungi ma}^ contain varying amounts of nonprotein nitrogenous sub- 
stances. The ash content of the lignin fractions of three of the fungi varied onty 
from 0.5 to 0.76 per cent; hence this determination was not made on the re- 
mainder of the samples. The slight correction was ignored in reporting the 
results. 

EXPERIMENTAL RESULTS 

The pertinent data concerning the growth and carbohydrate consumption of 
the various species of fungi are given in table 1 and the analyses of the fungus 
mats in table 2. All of the data in the two tables are average values of either 
duplicate or triplicate cultures. 

In general, all of the organisms studied made fairly good growths under the 
conditions of culture, provided the reaction of the medium did not become 
appreciably acid. The growths obtained in the moderately acid media were 
lower than expected. Although these fungi tolerated acid media it is quite 
apparent that they did not thrive under these conditions. In most cases where 
the media were kept at near neutrality the sugar was virtually all consumed 
during the 30-day growth period. 

All three sources of nitrogen were utilized by the six cultures of fungi used in 
the comparative tests. In most cases sodium nitrate gave better results than 
ammonium sulfate or ammonium nitrate, chiefly because it kept the pH at a 
higher level. Where pH was not a factor there were usually no marked dif- 
ferences between the three nitrogen sources; in fact, with some of the organisms 
ammonia nitrogen gave higher yields than did nitrate. 

The most satisfactory of the four media was C, containing trace elements and 
adequate CaCOs to keep the reaction above the neutral point. It is evident that 
the trace elements, and calcium, favored growth, although there was no critical 
comparison of growth with and without these elements in media otherwise 
identical. 
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TABLE 1 


Growth and efficiency of sugar utilization of seder al fungi grown in different media 
Incubated 30 days at 25°C. 


rUNGXJS 

MEDIUM 

USED 

NITROGEN SOURCE* 

pH OE 
MEDIUM 

WEIGHT 

OP 

FUNGUS 

SUGAR 

CON- 

SUMED 

ECONOMIC 

COEPPI- 

CIENTf 

CARBON 

ASSIMI- 

eationI 

Cladosporium 5464.2 

A 

NaNOs 

8.0 

gm. 

5.097 

gm. 

15.00 

per cent 

34.0 

per cent 

42.4 


B 

NaNOs 

8.2 

5.207 

15.00 

34.7 

43.2 


B 

(NH4)2S04 

2.4 

1.606 

6.05 

26.6 

33.2 


B 

NH 4 NO 3 

2.4 

1.920 

7.25 

26.5 

33.1 


C 

NaN03 

8.4 

5.027 

15.00 

33.6 

41.9 


C 

(NH4)2S04 

7.3 

5.869 

14.76 

39.7 

49.6 


C 

NH 4 NO 3 

7.6 

5.392 

14.84 

36.4 

45.4 


D 

NaNOs 

7.4 

3.034 

11.12 

27.3 

34.1 


D 

(NH4)2S04 

5.4 

0.398 

1.75 

22.9 

28.6 


D 

NH 4 NO 3 

5.4 

0.647 

2.73 

23.8 

29.7 

Cladosporiumfuhum 5668 

A 

NaNOa 

6.4 

1.421 

8.11 

17.5 

20.7 


B 

NaN03 

8.1 

5.033 

15.00 

33.5 

39.6 


B 

(NH4)2S04 

2.0 

2.249 

10.40 

21.3 

25.2 


B 

NH 4 NO 3 

6.8 

5.305 

14.89 

35.6 

42.0 


C 

NaN03 

7.8 

5.344 

14.80 

36.1 

42.6 


C 

(NH4)2S04 

7.2 

5.875 

14.75 

39.8 

47.0 


C 

NH 4 NOS 

7.6 

5.586 

15.00 

37.2 

43.9 


D 

NaNOs 

8.2 

5.293 

15.00 

35.3 

41.7 


D 

(NH4)2S04 

4.4 

2.126 

10.49 

20.2 

23.9 


D 

NH 4 NO 3 

7.2 

5.568 

14.59 

38.1 

45.0 

Helminthosporium 5428.16 

A 

NaNOs 

7.9 

3.123 

15.00 

20.8 

24.4 


B 

NaNOs 

8.2 

4.543 

15.00 

30.2 

35.4 


B 

(NH4)2S04 

2.3 

0.970 

4.41 

21.9 

25.6 


B 

NH 4 NO 3 

2.3 

1.010 

4.96 

20.3 I 

23.8 


C 

NaNOs 

8.6 

4.179 

15.00 1 

27.9 ! 

32.7 


C 

(NH4)2S04 

7.6 

5.016 

15.00 1 

33.4 1 

39.1 


C 

NH 4 NO 3 

8.0 

5,184 

15.00 ; 

34.6 

40.5 


D 

NaNOs 

8.4 

4.423 

15.00 

29.5 

34.5 


D 

(NH4)2S04 

4.5 

1.470 

6.70 

21.9 

25.6 


D 

NH 4 NO 3 

7.2 ■ 

4.960 

15.00 

33.1 

38.8 

AUernaria 

A 

NaNOs 

7.5 

1.505 

7.58 

19.7 

21.7 


B 

NaNOs 

7.7 

2.892 

13.19 

21.9 

24.1 


B 

(NH4)2S04 

2.4 

0.481 

3.14 

15.3 

16.8 


B 

NH 4 NO 3 

3.0 

1.548 

5.78 

26.8 

29.5 


C 

NaNOs 

7.7 

3.438 

14.16 

24.2 

26.6 


C 

(NH4)2S04 

7.9 

0.607 

3.68 

17.0 

18.7 


C 

NH 4 NO 3 

7.9 

3.778 

14.73 

25.7 

28 3 


D 

NaNOs 

7.6 

2.823 

13.62 

20 6 

22.7 


D 

(NH4)2S04 

2.4 

0.678 

3,48 

19 5 

21.5 


D 

NH 4 NO 3 

6.0 

2.632 

9,50 

, 27.8 

30 6 
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TABLE 1 — Concluded 


rUNGUS ’ 

MEDIUM 

USED 

NITROGEN SOURCE* 

pH OE 

MEDIUM 

WEIGHT 

OF 

FUNGUS 

SUGAR : 
CON- 
SUMED 

ECONOMIC 

COEFFI- 

CIENT 

CARBON 

ASSIMI- 

LATION 

GUocladium fimbriatum 

A 

NaNOa 

6.6 

gm. 

1.175 

gm. 

15.00 

per cent 

7.8 

per cent 

9.4 

459.5128 

B 

NaNOs 

8.4 

4.727 

15.00 

31.5 

37.8 


B 

(NH 4 )jS 04 

2.1 

1.715 

6.05 

28.3 

34.0 


B 

NH 4 NO 3 

7.6 

4.549 

15.00 

30.4 

36.5 


C 

NaNOs 

8.4 

4.380 

15.00 

29.2 

35.0 


C 

(NH4)2S04 

7.5 

5.206 

15.00 

34.7 

41.6 


C 

NH 4 NO 3 

7.8 

4.549 

15.00 

30.4 

36.5 


D 

NaNOs 

8.4 

4.866 

15.00 

32.5 

39.0 


D 

(NH4)2S04 

4.6 

3.043 

11.63 

26.4 

31.7 


D 

NH 4 NO 3 

7.7 

4.320 

15.00 

28.8 

34.6 

Metarrhizium 

A 

NaNOs 

6.6 

0.299 

9.89 

3.0 

3.2 


B ! 

NaNOs 

8.3 

3.289 1 

15.00 

21.9 

23.7 

j 

B 

(NH4)2S04 

2.4 

0.927 

5.92 

15.7 

17.0 


B 

NH 4 NO 3 

7.1 

3.085 

15.00 

20.6 

22.3 


C 

NaNOs 

7.4 

4.310 

15.00 

28.7 

31.0 


c 

(NH4)2S04 

7.7 

2.750 

15.00 

18.4 

19.9 


c 

NH 4 NO 3 

8.4 

3.625 

15.00 

24.2 

26.1 


D 

NaNOs 

8.6 

3.590 

15.00 

24.0 

25.9 


D 

(NH4)2S04 

2.4 

1.075 

5.81 

18.6 

20.1 


D 

NH 4 NOS 

7.6 

3.153 

15.00 

21.0 

22.7 

Demaiium pullulans 

B 

NaNOs 

7.9 

3.555 

14.80 

24.0 

25.2 

5695.354D 








Aspergillus giganteus 

B 

NaNOs 

8.2 

3.534 

14.80 

23.9 

24.1 

5-5581. 13A 








Aspergillus niger 142 

B 

NaNOs 

7.4 

3.672 

15.00 

24.5 

24.7 

GUocladium 454-4640.428 

B 

NaNOs 

8.6 

4.713 

15.00 

31.4 

39.6 

Eelminthosporium 27,07 

B 

NaNOs 

8.6 

5.528 

15.00 

36.9 

38.4 

Humicola 6239 

B 

NaNOs 

8.2 

3.524 

15.00 

23.5 

26.3 


* Nitrogen was added at the rate of 3.0 gm. per liter of sodium nitrate or its equivalent, 
t Weight of fungus divided by weight of sugar consumed. 

I Weight of carbon in fungus divided by weight of carbon in sugar utilized. 


The ejSiciency of use of the sugar supplied is commonly expressed in terms of 
weight of fungus produced divided by weight of sugar consumed (economic co- 
efficient), or weight of carbon in the fungus divided by weight of carbon in the 
sugar used. The latter value is usually somewhat higher than the former because 
the percentage of carbon in the fungus is commonly higher than that in sugar. 
Both values are given in table 1. 

Under the best conditions, the percentage of the carbon in the sugar that was 
converted into cell material was approximately 40 to 50 ioxCladoaponum^Helmin- 
thoByoriufnymA Gliodadium^ m.d to 30 for Alternaria, MetarrhiziumyDerm- 
Hum, AsfergiWmy and Humicola. These data are in good agreement with values 
of 30 to 50 per cent reported by Waksman (10, p. 244). In almost all cases where 
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the growth conditions were poor and a considerable portion of the added sugar 
was not consumed, less fungal material was formed per unit of sugar consumed 
than under good growth conditions. Apparently this observation holds for most 
microorganisms kept under ordinary atmospheric conditions. 

The percentage of carbon in the 12 cultures of fungi, given in table 2, varied 
from 42.7 to 53.1. This compares with a value of 42.1 for sucrose. The nitrogen 
content varied from 2.4 to 4.4 per cent. This value would, of course, be expected 
to vary markedly with the quantity of nitrogen supplied. The C:N ratios 
averaged 15.3 with variations from 10.7 to 22.4. These values are not ver}!^ much 
higher than those of the majority of the soils in the northern half of the United 
States. 

The content of crude lignin varied from 2.8 to 30.9 per cent for the various 
organisms studied. This crude lignin consists of lignin-like complexes, ash, and 


TABLE 2 

Composition of the fungi studied 


lUNGUS 

CARBON 

NITRO- 

GEN 

C:N 

RATIO 

CRUDE 

LIGNIN 

RROTEIN 

IN 

CRUDE 

LIGNIN 

LIGNIN 

SUGAR 

CON- 

VERTED 

TO 

LIGNIN 


per cent 

per cent 


per cent 

per cent 

Per cent 

per cent 

Cladosporium 5464.2 

52.52 

2.41 

21.8 

30.90 

6.93 

23.97 

12.0 

Cladosporium fulvum 5668 

49.76 

2.56 

19.4 

25.05 

6.85 

18.20 

8.9 

Helminthosporium 5428. 16 

49.40 I 

3.71 

13.3 

24.85 

8.25 

16.60 

7.3 

Helminthosporium 27.07 

43.92 1 

3.21 

13.7 

27.65 

6.15 

21.50 

11.5 

Aspergillus giganteus^ 5-5581. 13 A. . 

42.68 

3.83 

11.1 

9.70 

3.35 

6.35 

2.2 

Aspergillus niger 142 

42.70 

2.66 

16.1 

9.50 

3.10 

6.40 

2.3 

GUocladium fimbriatum 459.5128 

50.42 

2.90 

17.4 

3.79 

0.93 

2.86 

1.3 

GUocladium 454-4640.428 

53.10 

2.37 

22.4 

2.78 

0.80 

1.98 

0.9 

Alter naria 

46.18 

4.03 

11.5 

9.20 

2.40 

6.80 

2.2 

Dematium pullulans 5695. 354D 

44.07 

3.59 

12.3 

10.58 

3.48 

7.10 

2.6 

Metarrhizium 

45.65 

3.24 

14.1 

5.45 

1.88 

3.57 

1.1 

Humicola 5239 

47.02 

4.39 

10.7 

12.78 

4.65 

8.13 

2.8 


some unknown organic nitrogenous materials. The quantities of these last- 
named materials, expressed as proteins, are shown in the table. By subtracting 
these values from those given for crude lignin, the percentages of lignin, or lignin- 
like materials, are obtained. The methoxyl contents of the lignin-like materials 
in Cladosporium fulvum 5G68, Cladosporium 5464.2, and Helminthosporium 
5428.16 were 0.65, 1.03, and 0.32 per cent respectively. These values are much 
lower than those commonly reported for the lignins of higher plants and are in 
agreement with the findings of Phillips (5). 

The last column in table 2 shows the percentage of the carbon in the sugar 
assimilated that was converted into lignin-like materials. Phillips’ figure of 61 
per cent carbon in the lignin of fungi was used in making these calculations. 

These data confirm the conclusions of Thom and Phillips that the black or 
brown species of fungi, so far as tested, are able to synthesize considerable quan- 
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titles of lignin-like materials, whereas the light-colored species synthesize smaller 
amounts or none. According to the results in table 2 all species synthesized some 
of these materials, but of course the method used includes any material that re- 
sists the sulfuric acid treatment. 


DISCUSSION 

These studies are of interest from the standpoint of practical agriculture, since 
they show that certain types of soil fungi, if supplied wdth adequate mineral 
nutrients including nitrogen, can convert an energy source, such as sugar, into 
lignin-like materials. These crude lignin-like materials have C:N ratios and 
certain other properties similar to those of soil humus. Most soil fungi can 
utilize a wide variety of sources of energy; even cellulose is converted into lignin 
by some of the organisms used in the present studies. Work along these lilies 
is now in progress. 

Thom and Phillips point out that the black and brown molds thrive on de- 
caying vegetation found at or just above the soil surface and not on the same 
materials after being plowed under. This fact is of interest in connection with 
the present tendency to emphasize the merits of keeping the crop residues on the 
surface, as in stubbie mulch farming. In the process of decomposition, whether 
at the surface or on the plow sole, much of the lignin in the plant residues would 
resist decomposition and be converted into humus. In addition, if lignin-syn- 
thesizing organisms are active, considerable humus should also be formed from 
the sugar, cellulose, and other readily available carbon sources. It is well, how- 
ever, not to overemphasize this point until we have practical information to 
support the laboratory results and indications. 

The rate and the completeness of decomposition of fungal tissues of various 
species have been considered by a number of investigators. The conclusions of 
the earlier workers differ markedly, as pointed out by Jensen (2). Most of these 
workers observed that both bacterial and fungal cells decomposed rather readily 
although a few mentioned the formation of resistant humus-like residues. In 
Jensen ^s work no clear influence of C:N ratio of the microbial substance on de- 
composition was observed. On the other hand, Heck (1) and Norman (4) found 
a very clear correlation between the C:N ratio of the fungus materials and the 
rate of decomposition. In many cases Jensen obtained colloidal, brown to black, 
humus-like compounds as residues from the decomposition of fungi. Waksman 
(9), likewise, reported the synthesis of similar substances by mixed cultures using 
cellulose as an energy source. In contrast, Norman says that he found no evi- 
dence for the existence of a very resistant residue from fungal tissue. The pres- 
ent studies show that these differences among workers can be explained in large 
part by the composition of the organisms used. Apparently neither Norman nor 
Heck used species of fungi that we would now expect to be synthesizers of large 
quantities of lignin-like compounds. On the other hand, at least one of Jensen’s 
species {Stachybotrys sp.) probably possesses this ability. The mycelia of 
Cladosporium and Helminthosporium, used in the present study, would probably 
decompose as did Jensen’s Stachybotrys^ whemm Gliocladium would be expected 
to behave as did the organisms used by Heck and by Norman. 
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SUMMARY 

The synthesis of lignin-like complexes by 12 cultures of filamentous fungi 
groTO on a mineral-sucrose medium was studied. The mycelium of Clado- 
sporium contained as high as 24.0 per cent of these lignin-like substances. The 
average values for the genera studied were CladosporiuM 21.1, Helmifithosporium 
19.0, Humicola 8.1, Dematium 7.1, Alternaria 6.8, Aspergillus 6.4, Metarrhizium 
3.6, and Gliocladium 2.4. These values represent the nonnitrogenous portion of 
the fungal substance that resisted digestion with 72 per cent sulfuric acid. In 
general, the black or brown fungi were comparatively high in lignin complexes, 
whereas the colorless or light-colored organisms contained lower percentages. 
The failure of previous workers, using various genera, to agree as to the ability 
of fungi to form substances that are resistant to decay is largely explained by 
these results. 

Under the best growth conditions, that is at pH 7 or slightly above and with 
adequate trace elements present, approximately 40 to 50 per cent of the carbon 
of the sucrose was converted into cell material by Cladosporium, Helmintho- 
sporium, and Gliocladium] the corresponding values for the other organisms were 
25 to 30 per cent. The C:N ratios of the fungus material varied between 10.7 
and 22.4 per cent with an average value of 15.3. 

It is pointed out that the high-lignin organisms grow mostly on decaying 
vegetation at or above the soil surface. A system, such as that used in stubble 
mulch or trash mulch farming, would therefore be expected to be favorable to 
a high yield of humus. 
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BOOKS 


Artificial Manures, By Akthxjr B. Beaumont. Judd Publishing Company, 
Inc., New York, 1943. Pp. 155, illus. 38. Price, $1.50. 

This book has for its purpose a consideration of the various means by which 
substitutes for animal manures can be made available for use, the need for this 
arising out of the replacement of the horse by the automobile and the tractor. 
The manure problem is considered from the point of view of the home gardener, 
the market gardener, the truck-crop farmer, and the man who operates large 
acreages of land. For this large operator, the method is known as “sheet-com- 
positing,’^ a new term for a modified form of green manuring. The illustrations 
are impressive and give the reader a new concept of the wide scale on which the 
production of artificial or “synthetic” manure is being developed. The book is 
worth more than it costs. 

Encyclopedia of Substitutes and Synthetics, By Morris D. Schoengolb. 
Philosophical Library, New York, 1943. Pp. 382. Price, $10. 

This book gives the properties of a great variety of products that have been 
developed for or could be used as substitutes for other products not now available 
for purchase. Examples are Abelmoschus, Atabrine, Fagelanes, lecithin, and 
Prosein, substitutes for musk, quinine, leather, egg yolk, and casein, respectively. 
Kaolin and diatomaceous earth are among the more important products of 
interest to workers in soil science. The author points out that the word “sub- 
stitute” is a misnomer, inasmuch as the substitute often proves superior to the 
material it was supposed to replace. 

Exploring Tomorrow's Agriculture, By Joseph W. Eaton. Harper and 
Brothers, New York, 1943. Pp. 255, illus. 9. Price, $2.75. 

This is a report of a study sponsored by the Rural Resettlement Institute. 
The three parts deal with cooperative group farming as a method of rural re- 
habilitation, the cooperative corporation farms of the Farm Security Administra- 
tion, and other cooperative group farms. The FSA had 27 cooperating corpora- 
tion farms established as of March, 1942, of which about half are in the South, 
a third in the Middle West, and the remainder in the Far West. Chapters on 
the utopian farm groups of the past, the “Hutterische Gemein,” the Amana 
Society, and certain of those in foreign countries are appended. The material 
is constructively presented, and the book merits careful reading by those who 
have to do with the less productive agricultural areas of this country. 

Farm Management, By Robert R. Hubelson. The MacMillan Company, 
New York, 1943. Pp. 396. Price, $2,50. 

This book deals with the organization, planning, operating, and financing of 
a modern farm. It considers such important problems as choosing the farm, 
deciding on a cropping system, planning the livestock program, controlling pro- 
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duction hazards, marketing the products, keeping farm records, and gaining the 
ownership of the land. If every young man could have this book at his disposal 
early in his career on the land, and if he would study its contents carefully, he 
should be able to avoid many of the pitfalls that await those who undertake the 
business without an adequate understanding of the fundamental principles on 
which success with the soil is based. 

Food Enough, By John D. Black. The Jaques Cattell Press, Lancaster, 
Pennsylvania, 1943. Pp. 269, charts 13. Price, $2.50. 

This is one of the “Science for War andPeace Series^’ of books. In it the author 
attempts to present the facts upon which all considerations of the food problem 
should be based. Anyone who desires to speak or write on the food problem 
would do well to consult the volume. In fact, the author thinks that even the 
farmer-author, Louis Bromfield, though “skilled with the pen’^ and having “a 
chance to blow off before a larger public,” has the facts and figures “about the 
food program about as accurately in mind” as his barber and his dentist. Even 
the county agents, for whom the author has great respect, err seriously in their 
judgment of conditions in their respective counties, for “The only farmers who 
bother the county agent about farm labor are those who are short of labor,” and 
his report will be “twice what has occurred.” Food, manpower, machinery, 
prices, rationing, relief, rehabilitation, and after-the-war problems are all con- 
sidered in a very readable manner. 

The Food Resources of Africa, By Thomas S. Githens and Carkoll E. Wood, 
Jr. The University of Pennsylvania Press, Philadelphia, 1943. Pp. 105, 
figs. 24. Price, $1.50. 

This is the tlnrd of a series of eight African handbooks dealing with the govern- 
ment, mineral resources, food resources, languages, colonial policies, and labor 
problems of Africa. It is apparent from the contents of this book that the 
agricultural potentialities of Africa are very large but that they cannot be realized 
because of the primitive practices of the natives. Of greatest interest at the 
moment is the better organized agriculture of North Africa. Thus the area 
devoted to cereals in Morocco, Algeria, and Tunisia is given as 3,600,000, 3,207,- 
000, and 1,650,000 hectares, respectively. In addition, these countries produce 
large quantities of peas, beans, olives, grapes, citrus, figs, and dates. One is 
impressed that our present information on the agriculture of Africa is far from 
being complete, and that much more surveying needs to be done if we are to know 
what the real possibilities are. 

Industrial Chemistry, Third Edition. By William Thornton Bead. John 
Wiley and Sons, Inc., New York, 1943. Pp. 631, figs. 92. Price, $5. 

Baw materials, processes, chemical-engineering operations, and the final 
products are discussed in this comprehensive volume dealing with water, fuels, 
lubricants, sulfur, fixed nitrogen, silicates, alkalies, fertilizers, acids, metallurgy, 
petroleum, oils and fats, carbohydrates, proteins, rubber, coal, dyestuffs, plastics, 



explosives, and protective coatings. The beginning chapters deal with sources 
of information, chemical organization, the activities of chemists and chemical 
engineers, and the relation of chemistry to industry. Almost every chemist will 
find some phase of his field of endeavor covered in this volume. The material is 
concisely and attractively presented. 

Proceedings of the Eighteenth Annual Meeting of the National Joint Committee on 
Fertilizer Application. H. R. Smalley, General Secretary, The National 
Fertilizer Association, Washington, D. C., 1943. Pp. 151. 

A multigraphed report of the meetings of the National Joint Committee on 
Fertilizer Application that were held at St. Louis, Missouri, November 9, 1942. 
The report includes the data presented by the several cooperators, most of which 
were developed in an effort to determine w^hat constitutes the best fertilizer 
placement, Of particular interest is an article dealing with the salt index of 
fertilizers that was presented by workers in the Bureau of Plant Industry, U. S. 
Department of Agriculture. 

Soil Phenomena as Evidence of Climatic Changes. By Kirk Bryan and Claude 
C. Albritton, Jr. American Journal of Science, Vol. 241, 1943. Pp. 
469-490. 

An article of special interest by reason of its presentation of a ^ ^promising 
though as yet little used method for investigating climatic changes of recent 
geologic time.’’ The paper is concerned chiefly with soil phenomena in Trans- 
Pecos Texas, a semi-arid region along the border “between climatic regions having 
iron and lime subsoils.” 


The Editors. 








RAPID MICROCHEMICAL SOIL TESTS^ 
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The widespread interest during the last decade in the application of rapid 
microchemical tests to the determination of readily soluble plant nutrient ele- 
ments in soils for purposes of estimating the fertilizer needs of soils and for diag- 
nosing crop failures has led to the development of several soil testing schemes 
of this nature. The microchemical soil tests, often referred to as “quick soil 
tests’’ and “soil testing kits,” now in use in this country, have been examined 
by Anderson and Noble (1) and reviewed more recently by Morgan (21). The 
soil testing schemes reported in the literature differ primarily in the extraction 
technique, but the proposed microchemical tests are essentially the same. 

The chief advantage of these microchemical soil tests over the classical and the 
more conventional methods lies only in their simplicity and the rapidity with 
which the individual tests can be carried out. It is this feature that makes them 
especially well suited for practical routine soil testing, for which purpose the use 
of the more tedious classical chemical methods would be impractical and the 
cost prohibitive. In this respect, even the more expedient micromethods, such as 
those described by Peech (24) and Reitemeier (25), obviously have restricted 
applicability. 

Unlike the classical methods of soil analysis involving a number of different 
extractions and laborious analytical separations, the rapid microchemical soil 
tests are carried out directly on separate aliquots of a single soil extract by means 
of colorimetric and turbidimetric methods without prior treatments or separa- 
tions. Unfortunately, only very few of the inorganic or organic reagents em- 
ployed in analytical chemistry possess a sufficient degree of specificity to permit 
their direct use in the presence of diverse ions. Although it has been generally 
recognized that at least some of the microchemical soil tests, as they are com- 
monly employed, are subject to certain analytical errors, little attention has been 
given to possible errors caused by interfering ions. Indeed, the chemical ac- 
curacy and the reliability of the results of such tests seldom have been questioned. 

In recent discussions of the limitations of the rapid chemical soil and plant 
tissue tests, there has been a tendency to minimize the analytical errors inherent 
in the tests themselves. It is often implied that there are so many biological and 
environmental factors involved in the interpretation and in the practical use of 
the soil tests that relatively little reliance can be placed on the results of the tests, 
however accurate they may be, and hence, no great accuracy is required. Obvi- 
ously, such a fallacious viewpoint ma carried to the point where the results 
become so questionable as no longer to justify the expenditure of time in making 
the tests. It is undeniable, of course, that the results of chemical soil tests 

t Contribution from the departmen^^ agronomy, Cornell University Agricultural 
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provide only a part of the information necessary for an intelligent fertilizer 
recommendation. Nevertheless, chemical soil tests, when properly correlated 
with crop responses to fertilizers on different soils, can furnish valuable and 
otherwise unobtainable information that can serve a very useful purpose in 
fertilizer recommendations and in general diagnostic work, provided, of course, 
that the tests can be relied upon to give consistently accurate and reliable ana- 
lytical results. 

The experience in this laboratory over a period of several years with some 
of the rapid chemical soil tests in current use has led to the belief that the poor 
correlations frequently observed between the results of chemical soil tests and 
the crop responses to fertilizers may definitely be attributed in many instances 
to the analytical errors inherent in the soil tests. Accordingly, a critical exam- 
ination of the rapid chemical soil tests was undertaken by the authors in an 
attempt to improve the accuracy of these tests mthout sacrificing their sim- 
plicity or speed. Among some of the inherent difficulties met with, interferences 
by diverse ions in many tests were found to cause sufficiently serious analytical 
errors to invalidate the results. These interferences were largely eliminated 
by the adoption and development of more specific reagents and by the use of 
competitive complex formers. The accurac}^ as well as the working range of 
the tests, particularly those utilizing color-lake formation, was also considerably 
increased by the introduction of protective colloids. The slow deterioration, 
with time, of some of the reagents employed as well as the significant influence of 
temperature variation in certain tests necessitated the adoption of natural stand- 
ards in color and turbidity comparisons. Although some of the difficulties 
encountered in the course of the w'ork could not be totally surmounted, it is 
believed that the most serious analytical errors have been alleviated and that 
the rapid microchemical soil tests herein described for calcium, magnesium, 
potassium, manganese, iron, aluminum, phosphorus, nitrate nitrogen, and am- 
monia nitrogen are sufficiently accurate, sensitive, and rapid for practical routine 
soil testing. It is the purpose of the present paper to present a description of 
these improved microchemical soil tests together with a discussion of inter- 
ferences and other inherent analytical errors encountered in the course of the 
work. 


DESCRIPTION OF THE MICROCHEMICAL SOIL TESTS 

Apparatus 

Illuminator. The illuminator that has been successfully employed in this laboratory is a 
simple adaptation of the “titration lamp’^ consisting of a 15-watt daylight fluorescent lamp 
in a parabolic reflector. The “titration lamp^* can be obtained from several laboratory 
supply houses. It provides an excellent source of well-diffused indirect white light and, 
when used in the horizontal position with a glass window over the opening, also serves as a 
support for the block comparator. The glass window (16 by 12 inches) consists of two glass 
plates between which is placed the black line turbidity chart. This chart (12 by 4 inches) 
is made by drawing with India ink three sets of uniform black lines about 1, 2, and 3 mm. in 
width, respectively, across a sheet of cellulose acetate. The tracing cellulose acetate sheet- 
ing, etched on one side to facilitate drawing, is very satisfactory for this^purpose. When 
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making turbidity comparisons, the vials are viewed from the top against the black lines on 
the chart. 

Block comparator. The wooden block comparator, 13 by 1| by 1 inch, contains 12 vertical 
holes, t inch in diameter and 1 inch apart on centers, bored through the entire depth of the 
block. The comparator is provided with a removable glass bottom plate, which is held in 
place by two rubber bands, to facilitate occasional cleaning. This block comparator serves 
to hold the vials^ in both turbidity and color comparison. The vials containing the series 
of standards are inserted in every other hole leaving the adjacent holes for the unknown test 
solution. The exact position of the test solution relative to the two adjacent standards 
can be thus readily estimated by viewing the vials from the top. 

A similar block comparator, 13 by IJ by 1 inch, made to accommodate the smaller vials, is 
provided with 12 holes, | inch in diameter, and | inch apart on centers. 

Vial racks. For large vials, a rack with the following specifications is suggested: 13 by 5 
by If inches; 48 holes, f inch in diameter, | inch in depth, and 1 inch apart on centers. For 
small vials the specifications are; 13 by 5 by If inches; 48 holes, f inch in diameter, | inch in 
depth, and I inch apart on centers. 

Water hath. A water bath wdth a removable rack, made of sheet copper, to accommodate 
48 vials (65 by 19 mm.), can be used to advantage when temperature control becomes neces- 
sary in making the calcium and potassium tests. 

Reciprocating shaker. The use of some form of mechanical shaking device during ex- 
traction not only is more expedient than hand shaking but also assures greater reproducibil- 
ity of results. The common box-type reciprocating shaker equipped with drawers and 
compartments to fit the shaking bottles is quite convenient. 

Vials. Ordinary ‘‘specimen’’ shell vials of clear glass with flat bottoms are selected for 
uniformity. Two different sizes have been found satisfactory: large vials, 65 by 19 mm.; 
small vials, 50 by 16 mm. 

Pipettes. Measuring pipettes: 5- and 10-ml. pipettes subdivided to A ml. Serological 
pipettes: 1-ml. pipette subdivided to rSu ml., and A-mi. pipette subdivided to Ticr-ml. 
With the exception of the 10-ml. measuring pipette, these pipettes are used for measuring 
out the aliquots of soil extracts. It is expedient, therefore, to have a sufficient number on 
hand to provide an individual pipette for each soil extract. 

Dropping bottles. 60-ml. bottles of amber glass provided with a pipette and a rubber 
bulb. 


Extraction 

Extracting solution. Dissolve 100 gm. of NaC2H302 *31120 in about 500 ml. of wmter, 
add 30 ml. of 99.5 per cent acetic acid, and dilute with water to 1 liter. It is expedient to 
prepare 19 liters of this solution at a time in a 5-gallon Pyrex bottle previously marked to 
contain 19 liters. 

Procedure. To 10 gm. of soil (air-dried and screened through a 1-mm. sieve) in a shaking 
bottle, add | measuring teaspoonful (i gm.) of activated carbon (Darco G 60) and 50 ml. of 
the extracting solution. When extracting organic soils, the amount of carbon added should 
be increased to i teaspoonful. Shake for 30 minutes, and filter through 11-cm. paper (Amer- 
ican S S No. 597 or Whatman No. 32) into a 50-mL Erlenmeyer flask. 

The p.p.m. of any constituent in the extract X 10 = pounds per acre (2,000,000 pounds 
of soil). 

PreRaration of standards 

In preparing the necessary standards shown in table 1, the proper amounts of the re- 
spective standard solutions are measured out into the vials, diluted with the extracting 
solution to the volume of the aliquot called for in the test, and subjected simultaneously 
to the same procedure. If the amount of constituent found is greater than that of the 
highest standard, the determination is repeated on a smaller aliquot after dilution to appro- 
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priate volume with, the extracting solution. The result, of course, should be multiplied 
by the dilution factor. 


TABLE 1 


Preparation of standards for rapid microchemical soil tests 


CONSTITUENT 

STANDARD 

SOLUTION 

EXTRACTING 

SOLUTION 

amount 

RER ACRE 

constituent 

STANDARD 

SOLUTION 

EXTRACTING 

SOLUTION 

AMOUNT 

PER ACRE 


mU 

ml. 

lbs. 


ml. 

ml. 

lbs. 

Ca 

0 

0.50 

0 

Fe 

0 

1.00 

0 


0.10 

0.40 

400 


0.10 

0.90 

10 


0.20 

0.30 

800 


0.20 

0.80 

20 


0.30 

0.20 

1200 


0.40 

0.60 

40 


0.40 

0.10 

1600 


0.60 

0.40 

60 


0.60 

0 

2000 


0.80 

0.20 

80 

Mg 

0 

3.00 

0 

A1 

0 

1.00 

0 

0.30 

2.70 

25 


0.10 

0.90 

25 


0.60 

2.40 

50 


0.20 

0.80 

50 


1.20 

1.80 

100 


0.40 

0.60 

100 


1.80 

1.20 

150 


0.60 

0.40 

150 


2.40 

0.60 

200 


1.00 

0 

250 


3.00 

0 

250 





K 

0 

2.00 

0 

P 

0 

4.00 

0 


0.25 

1.75 

50 


0.20 

3.80 

5 


0.50 

1.50 

100 


0.40 

3.60 

10 


0.75 

1.25 

150 


0.80 

3.20 

20 


1.00 

1.00 

200 


1.60 

2.40 

40 


1.25 

0.75 

250 


2.40 

1.60 

60 


1.50 

0,50 

300 


3.20 

0.80 

80 

Mn 

0 

2.00 

0 

NHs-N 

0 

1.00 

0 


0.25 

1.75 

25 


0.125 

0.87 

25 


0.50 

1.50 

50 


0.25 

0.75 

50 


1.00 

1.00 

100 


0.50 

0.50 

100 


1.60 

0.50 

150 


0.75 

0.25 

150 


2.00 

0 

200 


1.00 

0 

200 





NOs-N 

0 

0.50 

0 






0.10 

0.40 

20 






0.20 

0.30 

40 






0.30 

0.20 

60 






0.40 

0.10 

80 






0.50 

0 

100 


Determination of calcium 

Reagents.^ 1. Standard calcium solution (2C)0 p.p.m. Ca): Dissolve 0.879 gm. of 
Ca(C 2 H 302 ) 2 *H 20 in 1 liter of the extracting solution. Preserve this solution as well as 
other standard solutions by the addition of 1 ml. of chloroform per liter of solution. It is 


^ All chemicals unless otherwise specified are c. p or of reagent grade quality. 



advisable to standardize this solution as well as the magnesium acetate solution listed under 
the magnesium determination as a check on the water of crystallization of the respective 
salts. 

2. Soap solution. In a 2-liter Erlenmeyer flask, dissolve 0.60 gm. of recrystallized stearic 
acid (Eastman reagent No. 402 or similar quality) and 7.5 ml. of oleic acid (U. S. P.) in 
320 ml. of 95 per cent ethyl alcohol by heating on a hot plate. Add 16 gm. of ammonium 
carbonate dissolved in 80 ml. of hot water and boil for about 10 minutes. Cool, add 360 ml. 
of 95 per cent ethyl alcohol, 40 ml. of water, and 1.6 ml. of concentrated ammonium hydrox- 
ide, Filter after 24 hours and store in a Pyrfex glass-stoppered bottle. 

3. Ammoniacal citrate solution: Dissolve 1.5 gm. of sodium citrate (2Na3C6H507-llH20) 
in water, add 14 ml. of concentrated ammonium hydroxide (sp. gr. 0.90), and dilute to 1 liter 
with water. 

Procedure. To 0.5 ml. of the extract in a large vial (65 by 19 mm.), add 2 ml. of the am- 
moniacal citrate solution, mix, and then add 1.5 ml. of the soap solution down the side of the 
vial so as to form a layer on top of the solution. Mix rapidly and uniformly after the addi- 
tion of the soap solution to all of the vials. When a large number of tests are run concur- 
rently as is usually the case, two vials are shaken at the same time. After 30 minutes, com- 
pare with a series of standards as given in table 1 made up at the same time and in the same 
manner. The test should not be attempted at temperatures above 28°C. 

Determination of magnesium — titan yellow procedure 

Reagents. 1. Standard magnesium solution (25 p.p.m. Mg): Dissolve 0.2205 gm. of 
Mg(C2H302)2-4H20 in 1 liter of the extracting solution. 

2. Titan yellow, 0.10 per cent. Dissolve 0.10 gm. of titan yellow (Dr. Grubler k Co., or 
similar quality) in 100 ml, of distilled water and filter if necessary. When stored in an 
amber glass dropping bottle, this reagent will keep for 2 months. Apparently, other re- 
lated dyes are also classified and listed as titan yellow by some chemical supply houses. 
Several domestic preparations have been tried and found considerably less sensitive than 
the German product. 

3. Hydroxylamine hydrochloride, 5 per cent: Dissolve 25 gm. of hydroxylamine hydro- 
chloride in water and dilute to 500 ml. 

4. Sodium hydroxide, 2.5 N : Dissolve 100 gm. of sodium hydroxide in water and dilute 
to 1 liter. Store in a Pyrex glass bottle. 

5. Starch solution, 2 per cent: To 2 gm. of c. p. soluble starch add a few drops of water 
and make a paste by stirring with a glass rod. Add slowly while stirring, 100 ml. of boiling 
distilled water. Filter the solution while hot through Whatman No. 31 filter paper. A 
satisfactory grade of soluble starch should all go immediately into solution, giving virtually 
a clear solution. This reagent should be freshly prepared daily as needed. 

6. Compensating solution: To 4.4 gm. of Ca(C2H302)2*H20 and 0.37 gm. of 
Al2(S04)3- I8H2O in a 1-liter volumetric flask, add 10 ml. of concentrated HCl and about 500 
ml. of water; mix to dissolve the salts, and dilute to volume wdth water. 

7. Starch reagent: Prepare sufficient quantity of this reagent daily as needed by mixing 
equal volumes of 2 per cent starch solution (reagent 5) and compensating solution (rea- 
gent 6). 

Procedure. To 3 ml. of the extract in a large vial (65 by 19 mm.), add two drops of hy- 
droxylamine hydrochloride solution and 1 ml. of the starch reagent (No, 7); mix, add three 
drops of titan yellow solution, and mix again; then add 1 ml. of sodium hydroxide solution 
and mix thoroughly. Compare with a series of standards, as listed in table 1, prepared 
simultaneously in the same manner. 

Determination of magnesium--p-nitrohenzeneazoresorcinol procedure 

Reagents. 1. p-nitrobenzeneazoresorcinol reagent, 0.05 per cent: Dissolve 0.05 gm. of 
p-nitrobenzeneazoresorcinol in 1 ml. of 0.25 N NaOH, and dilute to 100 ml. with water. 
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2. Mannite solution, 15 per cent: Dissolve 75 gm. of mannite in water and dilute to 500 
ml. Preserve by adding 1 ml. of chloroform. 

3. Starch solution: 1 per cent solution of soluble starch in water. 

. 4, Sodium hydroxide, 2.5 N, 

5. Standard magnesium solution: listed under the titan yellow procedure. 

Procedure. To 3 ml. of the extract in a large vial (65 by 19 mm.), add 1 ml. of mannite 
solution, 1 ml. of starch solution, and 1 drop of p-nitrobenzeneazoresorcinol reagent. Mix 
well; then add 1 ml. of sodium hydroxide solution and mix well again. Compare with a 
series of standards prepared simultaneously in the same manner. 

Determination of 'potassium 

Reagents. 1. Standard potassium solution (40 p.p.m. K) : Dissolve 0.0763 gm. of KCl in 
1 liter of the extracting solution. 

2. Sodium eobaltinitrite reagent: In a 250-ml. volumetric flask, dissolve 6.25 gm. of 
Co(N 03)2*6H20 and 75 gm. of NaN02 in about 175 ml. of water; add 5 ml. of 99.5 per cent 
acetic acid and mix very gently at first to prevent loss by foaming; cover with a beaker and 
allow to stand overnight to permit the escape of nitric oxide. Dilute to 250 ml., mix well, 
and filter. When stoi'ed in a refrigerator in a glass-stoppered Pyrex bottle, this reagent will 
keep for at least 1 month. 

3. Isopropyl alcohol, c. p. 

4. Formaldehyde, c. p. 37 per cent. • 

Procedure. Transfer a 2'ml. aliquot of the extract into a large vial (65 by 19 mm.) . Add 
six drops of formaldehyde solution, mix, and allow to stand for about 5 minutes; then add 
1 ml. of the sodium eobaltinitrite reagent; mix well again, then add 2 ml. of isopropyl alcohol 
down the side of the vial so as to form a layer of alcohol on top of the solution. It is imper- 
ative that the alcohol be added without mixing the solutions at this stage. After the last 
addition of alcohol to the extracts as well as to the standard solutions, mix the two layers 
uniformly and rapidly by swirling the vial for about 30 seconds. After about 25 minutes, 
compare the turbidities with a series of standards carried simultaneously through the 
procedure. The best results are obtained at 25° =h 4° C. ; temperatures above 29 °C. should 
be avoided. 


Determination of manganese 

Reagents. 1. Standard manganese solution (20 p.p.m. Mn): To 0.0288 gm. of KMn04 
in a 125-mI. Erlenmeyer flask, add 10 ml. of water and six drops of concentrated sulfuric 
acid. Heat to boiling and add sufficient sodium bisulfite (avoid large excess) to discharge 
the color. Evaporate down until fumes of H2SO4 appear, cool, and dissolve the residue in 
500 ml. of the extracting solution. 

2. Sulfuric acid cone., sp. gr. 1.84. 

3. Sodium bismuthate, c. p. powder. 

Procedure. Transfer a 2-ml. aliquot of the extract into a large vial (65 by 19 mm.), add 
0.2 ml. of concentrated sulfuric acid, and mix. After cooling to room temperature, add a 
pinch (about 0.1 gm.) of sodium bismuthate; shake for about 30 seconds, and allow the excess 
bismuthate to settle out. As soon as the excess of bismuthate has settled out, which takes 
about 30 minutes, compare with a series of standards by viewing through the sides of the 
vials against a white background. 

Determination of iron 

Reagents. 1. Standard iron solution (10 p.p.m. Fe): Dissolve 0.0351 gm. of 
FeS04(NH4)2804*6H20 in about 300 ml. of extracting solution, add 2 ml. of 5 per cent hy- 
droxylamine hydrochloride solution, and dilute to 500 ml. with the extracting solution. 

2. Hydroxylamine hydrochloride: 5 per cent solution in water, already listed under the 
magnesium test. 
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3. o-phenantliroline: 0.5 per cent solution in 50 per cent ethyl alcolioi. 

Procedure. To 1 ml. of the extract in a small vial (50 by 16 mm.), add one drop of hy- 
droxylamine hydrochloride solution and mix; then add two drops of o-phenanthroline 
solution and mix again. After 10 minutes compare with a series of standards. When 
stoppered and not exposed to light, the standards •will keep for several months. 

Determination of aluminum 

Reagents. 1. Standard aluminum solution (25 p.p.m. Al): Dissolve 0.1544 gm. of 
AI2 (804)3 *181120 in 500 ml. of the extracting solution. 

2. Aluminon, 0.2 per cent: Dissolve 0.20 gm. of aluminon (ammonium salt of aurintri- 
carboxylic acid) in 100 ml. of water. Store in an amber glass dropping bottle; prepare a 
fresh supply of this reagent every 6 months. 

3. Starch solution: 1 per cent solution of soluble starch in water. Usually a sufficient 
amount of 2 per cent starch solution is prepared when making the magnesium determina- 
tions to serve the purpose here after dilution with equal volume of water. 

4. Hydroxylamine hydrochloride, 5 per cent: listed under the magnesium test. 

Procedure. To a 1-ml. aliquot of the extract in a large vial (65 by 19 mm.), add two drops 

of the hydroxylamine hydrochloride solution and mix; add 3 ml. of water and 1 ml. of the 
starch solution, and mix again; then add two drops of the aluminon reagent and mix thor- 
oughly. Allow to stand for at least 30 minutes before comparing with a series of standards 
subjected simultaneously to the same procedure. 

Determination of phosphorus 

Reagents. 1. Standard phosphate solution (10 p.p.m. P) : Dissolve 0.0439 gm. of KH2PO4 
in 1 liter of the extracting solution. 

2. Molybdate reagent: In a 1-liter volumetric flask, dissolve 15 gm. of ammonium molyb- 
date [(NH4)6 Mo 7024*4H20] in about 300 ml. of distilled water. Add slowly ^vhile shaking, 
500 ml. of concentrated hydrochloric acid, sp. gr. 1.18. Cool to room temperature, dilute 
with water to 1 liter, and mix. Store in a brown glass-stoppered bottle. Prepare a fresh 
supply of this reagent every 3 months. 

3. Stannous oxalate solution: Dissolve 0.5 gm. of stannous oxalate in 100 ml. of dilute 
HCl (1 part cone. HCl -}- 9 parts water). Filter through a Whatman No. 40 filter paper 
into a separatory funnel. Cover the solution with about 1.5 cm. layer of paraffin oil* 
This reagent will keep for about 1 month. 

Procedure. To 4 ml. of the extract in a large vial (65 by 19 mm.), add rapidly from a 
burette, against the side of the vial, 1 ml. of the molybdate reagent and mix well imme- 
diately. After the addition of the molybdate to all of the extracts and the standards, add 
three drops of stannous oxalate solution, and mix well immediately. Compare with a 
series of standards prepared simultaneously in the same manner. 

Determination of ammonia 

Reagents. 1. Standard ammonia nitrogen solution (20 p.p.m. N): Dissolve 0.0471 gm. 
of (NH4)2S04 in 500 ml. of the extracting solution. 

2. Nessler reagent: In a 500-ml. volumetric flask, dissolve 45.5 gm. of mercuric iodide and 
35.0 gm. of potassium iodide in as little water as is needed. Add 112 gm. of KOH, mix well, 
cool, and dilute to 500 ml. Allow any precipitate to settle out for a few days before using. 
Store in a brown glass bottle. 

3. Sodium hydroxide-tartrate solution: Dissolve 40 gm. of sodium tartrate 
(Na2C4H40a*2H2G) in about 300 ml. of water; add 13 gm. of sodium hydroxide, and after 

sodium hydroxide has dissolved, dilute to 500 ml. with water. 

4. Gum acacia solution, 5 per cent: Dissolve 10 gm. of powdered gum acacia in 195 ml. of 
water, and then add 5 ml. of the Nessler reagent. Gum acacia may be dissolved most 
readily by adding just sufficient water to make a paste and then adding the balance of the 



water while stirring. Allow to settle for a few days before using, and store in a brown glass 
bottle. Prepare a fresh supply of this solution every 2 months. 

Procedure. Transfer a 1-ml. aliquot of the extract into a large vial (65 by 19 mm.), add 
2 ml. of water, and mix; then add 1 ml. of the sodium hydroxide-tartrate solution down the 
side of the vial to all of the extracts as well as to the standard solutions. Mix well and 
immediately add four drops of gum acacia solution and two drops of Nessler reagent, mixing 
well after last addition. After 15 minutes compare with a series of standards prepared in 
the same manner and at the same time. The 200-pound-per-acre standard shown in table 1 
is seldom required. 

Determination of nitrate 

Reagents. 1. Standard nitrate solution (10 p.p.m. N): Dissolve 0.0361 gm, of KNOs in 
500 ml. of the extracting solution. 

2. Brucine, 4 per cent: Dissolve 4 gm. of brucine in 100 ml. of chloroform and store in a 
closely stoppered amber glass dropping bottle. 

3. Sulfuric acid, cone., sp. gr. 1,84. 

Procedure. To 0.5 ml. of the extract in a small vial (50 by 16 mm.), add three drops of 
brucine solution and 1 ml. of concentrated sulfuric acid. Mix well, and after 15 minutes 
compare with a series of standards carried simultaneously through the procedure. 

Determination of soil reaction (pH) 

To 20 gm. of soil in a 50-ml. beaker, add 20 ml, of distilled water, and stir the suspension 
several times at regular intervals for about an hour. Measure the pH of the soil suspension 
with the glass electrode, stirring well just prior to immersing the electrode in the suspension. 

Supplementary soil tests 

Other rapid soil tests made in this laboratory include the determination of soil organic 
matter by the chromic acid titration method (33) and the conductometric determination 
of total soluble salts, the latter being primarily used for testing the salinity of greenhouse 
soils. The conductivity measurements are made on 1:2 soil-water suspensions at 25®C., 
and the results are expressed in terms of specific conductance as reciprocal ohms {K X 

m. 

EESULTS AND DISCUSSION 

Extraction 

Nearly all of the rapid microchemical soil testing schemes in current use 
employ only a single extracting solution for the determination of the different 
constituents, primarily for the sake of expediency. Many restrictions neces- 
sarily are imposed on the choice of the soil extracting solution best suited to 
the determination of all the constituents in question. The extracting solution 
must remove only the nutrients that are readily available to the plant, and the 
results of the test must necessarily correlate with known crop responses to fer- 
tilizers. In order to conform with the accepted chemical procedures, a satis- 
factory extracting solution should eflFect complete removal of the exchangeable 
bases. It should yield clear extracts free of organic matter and, therefore, must 
be acidic in character. The extracting solution should not contain ions that will 
interfere with the proper execution of any of the individual tests. The concen- 
trations of all the ions under examination must be within limits of acceptable 
sensitivity of the respective tests. Obviously, such an ideal soil extracting 
solution is wholly fictitious. 



After considerable preliminary work, Morgan’s (21) universal soil extracting 
solution, which is now in rather extensive use, was chosen. This is a 10 per cent 
solution of sodium acetate {0.7ZN) in 3 per cent acetic acid (0.52i\r) having a pH 
of 4.8. As pointed out by Morgan, it is well buffered at a pH value that is 
closely approximated by that of the soil solution in equilibrium with the partial 
CO 2 pressure normally found in the soil air, and its solvent action is relatively 
unchanged even upon prolonged contact with a soil containing moderate amounts 
of calcium carbonate. This solution has been found capable of replacing n 
fairly high proportion of the exchangeable bases in most soils a single ex- 
traction using 1 part of soil to 5 parts of the extracting solution, as shown in 
table 7, and in this respect, is superior to the similar but weaker sodium acetate 
solutions employed by Hester, Blume, and Shelton (13) and Merkle (18). 

One of the objectionable features of the extracting solutions of strong mineral 
acids, such as 0.3 N HCl employed by Truog® and Baver and Bruner (2), lies 
in the unduly large amounts of dissolved iron and aluminum which, in addition 
to interfering seriously with many tests, may cause partial reprecipitation of the 
dissolved phosphorus during the extraction process. Because of the capacity of 
the acetate ion to form complexes with iron and aluminum, there is little if any 
reprecipitation of the dissolved phosphorus from sodium acetate solutions at 
pH 4,8 even in the presence of relatively large amounts of iron and aluminum. 
In fact, standard synthetic soil solutions, which w^ere made up in Morgan’s 
extracting solution to contain ferric, aluminum, and phosphate ions in greater 
concentrations than are normally found in soil extracts, have been kept for 6 
months without any evidence of precipitation. Despite the fact that the pH 
of Morgan’s extracting solution is virtually unchanged even in the extraction of 
soils containing a moderate excess of CaCOs, very little iron or aluminum is 
liberated by this solution from slightly acid or neutral soils, w^hereas large 
amounts of iron and especially of aluminum are usually extracted from the more 
acid soils, as shown in table 7. It is believed that the greater part of the iron and 
aluminum extractable by this solution represents water-soluble and exchangeable 
forms and that the presence of these two constituents is, therefore, indicative of 
unfavorable soil conditions such as extreme acidity and poor aeration. On the 
other hand, little, if any, practical or ecological significance can be attached to 
the presence of iron or aluminum in soil extracts of stronger mineral acids. 

It will be noted' from table 7 that the amount of manganese extracted by Mor- 
gan’s solution from most soils considerably exceeds the exchangeable manganese 
content as determined by the ammonium acetate method (24). The nonex- 
changeable manganese soluble in Morgan’s extracting solution probably repre- 
sents some forms of manganic oxides. 

At first thought it might appear that the large amounts of nonexchangeable 
manganese liberated by Morgan’s solution would tend to mask any real sig- 
nificance of the exchangeable manganese. This, however, is not necessaiily 
true in the case of this constituent; the exchangeable manganese, being largely 

3 Ti-uog^ Abbreviated directions for Hellige-Truog combination soil tester. Mimeo- 

graphed. 
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controlled by soil reaction and the oxidation-reduction status of the soil, is 
subject to considerable fluctuation and is not always a good criterion of the 
available manganese supply of soils. Sherman, McHargue, and Hodgkiss (27) 
consider the ^^easily reducible” manganese oxides as an important source of 
manganese for plants when the exchangeable manganese content is low. 

The amounts of phosphorus extracted from soils by Morgan's solution are 
considerably lower than the amounts removed by other extracting solutions 
employing stronger mineral acids,, such as Truog's 0.002A^ H2SO4 (30), as shown 
in table 7. Inasmuch as all chemical methods for the determination of readily 
soluble phosphorus in soils are highly empirical and must be thoroughly corre- 
lated against crop responses to phosphate fertilization, there is little choice among 
them, as recently noted by Weeks and Karraker (34). In comparing several 
chemical methods for determining phosphate needs of western irrigated soils, 
however, Dahlberg and Brmvn (6) foimd that the sodium acetate-acetic acid 
solution at pH 5 gave the best results. 

Although the use of any single extracting solution for the determination of all 
the constituents in question is inevitably a more empirical approach than the 
employment of several diSerent extracting solutions for the same purpose and 
is not likely to give results that are in very good agreement with those^ obtained 
by the more thoroughly established soil analytical methods now in use, it should 
be obvious from the foregoing considerations that the sodium acetate-acetic 
acid solution proposed by Morgan has certain desirable features not possessed 
either by solutions of strong acids or by solutions of neutral salts. In tentatively 
adopting this extracting solution, however, it was realized that extraction meth- 
ods could not be satisfactorily compared until accurate microchemical tests for 
the various constituents "were available. 

Most of the rapid soil testing schemes employ the equilibrium extraction 
technique in the preparation of soil extracts, although Morgan (21) favors the 
percolation procedure. The proportion of soil to the extracting solution com- 
monly employed is 1:2.5. Merkle (18) uses a 1 : 5 ratio. Such narrow ratios of 
soil to extracting solution are employed, despite incomplete extraction of the 
exchangeable bases, in order to have the concentrations of all the constituents 
under examination within the limits of sensitivity of the microchemical tests. 
For this reason, percolation procedures requiring rather large volumes of ex- 
tracting solution are not suitable. Attempts to leach the soil samples with 
smaller volumes of extracting solution as recommended by Morgan (21) were 
made by the authors, but the results obtained by such procedures were usually 
erratic. The equilibrium extraction technique using 1 : 5 soil: extracting solution 
ratio was, therefore, adopted. The refinements in the microchemical tests, as 
already noted, made possible the adoption of this ratio of soil to extracting 
solution without a sacrifice in the sensitivity of any of the tests. Experiments 
with six widely different soils which had been air-dried and stored for over a 
year show^ed that the time of extraction (shaking) may be reduced to 15 minutes 
without affecting the results. Extraction for 30 minutes, however, as suggested 
in the procedure, is likely to give more reproducible results with air-dry soils 



RAPID MICROCHEMICAL SOIL TESTS 


177 


that are difficult to wet; for the same reason, extraction for very short periods, 
2 to 5 minutes, as commonly employed, is not recomiiieiided. 

Removal of soluble orgayiic matter 

Despite its acidity, Morgan’s soil extracting solution was found to bring 
sufficient organic matter into solution to interfere seriously with some of the 
tests. The soluble organic matter in the extracts imparted interfering off-color 
tints in the phosphorus, magnesium, and, to a lesser extent, other colorimetric 
tests and thus made the matching of colors ver}^ difficult or impossible. Its 
reducing action in the oxidation of manganese by bismuthate rendered this test 
worthless even in the presence of relatively small amounts of soluble organic 
matter. Another type of interference by organic matter, perhaps less serious 
than those alread}^ mentioned, ivas observed in the turbidimetric tests for calcium 
and potassium. Inasmuch as particle size, which in turn is affected by the rate 
of precipitation, is one of the important factors in the development of turbidity, 
it is quite probable that the interferences in the turbidimetric tests were due 

TABLE 2 


Recoveries of added constituents from a standard synthetic soil solution,'^ before and after 
treatment with activated carbon, as obtained by the proposed tests 
Pounds per acre (2,000,000 pounds of soil) 


CONSTITXJENT 

Ca 

Mg 

K 

Mn 

Fe 

A1 

p 

NOi-N 

NH»-N 

Theoretical amount present 

i 1470 

170 

220 

90 

62 

155 

68 

48 

100 

Amount found before treatment 










with carbon 

1500 

125 

225 

85 

60 

150 

65 

50 

no 

Amount found after treatment with 










carbon 

1500 

125 

225 

85 

30 

125 

60 

50 

no 


* Prepared from calcium and magnesium acetates; ammonium, manganous, ferric, and 
aluminum sulfates; potassium as the primary phosphate and nitrate. 


either to the peptizing or to the inhibiting action of organic matter in the precip- 
itation process. The possibility of removing the dissolved organic matter by 
means of activated carbon was then investigated. Of the several carbons tried, 
activated carbon (Darco G60, obtained from Darco Corporation) was found 
sufficiently free of impurities and very effective in decolorizing the extracts. 

In order to determine whether any of the ions under examination were ad- 
sorbed by this carbon, 50 ml. of standard synthetic soil solution, made up in the 
extracting solution, was shaken for 30 minutes with 0.25 gm. of carbon, filtered, 
and examined by the tests herein described. The results are listed in table 2. 
With the exception of ferric and aluminum ions, which were partly adsorbed, 
very satisfactory recoveries of other ions were obtained. Subsequent tests have 
shown that the ferrous ion is not adsorbed and that there is a slight but neg- 
ligible adsorption of phosphate ion presumably as complex ferric or aluminum 
phosphate only in the presence of relatively large amounts of ferric iron and 
aluminum, as shown in table 2. Inasmuch as ferric and aluminum ions form 



fairly stable complexes in acetate solutions, it may be concluded that within 
limits of the experimental error of the tests, this activated carbon does not 
adsorb simple inorganic ions in true solution, at least not in the presence of the 
high concentration of sodium acetate in the extracting solution employed. Al- 
though most of the iron extracted by Morgan's solution from well-aerated soils 
is in the ferric state, the amounts are relatively small; much larger amounts of 
soluble iron, however, are found in poorly drained soils, particularly under 
conditions conducive to reduction, and in such soils the greater part of the 
soluble iron is usually in the ferrous state. Thus, the two constituents that are 
likely to be adsorbed by carbon, especially when present in large amounts, are 
ferric iron and aluminum. It is questionable, however, whether this source of 
error should alter the interpretation of the relative practical significance of the 
results of the iron and aluminum tests. In the more accurate studies on iron and 
aluminum in soil extracts, it is recommended that the organic matter be removed 
by other means. Because of the many different types of activated carbons now 
available on the market for specific purposes, it is advisable to check every new 
source of carbon for possible adsorption or release of ions under examination. 
Different lots of Darco G60 activated carbon examined thus far have been 
found quite uniform and satisfactory. 

Determination of calcium 

In all of the rapid microchemical soil tests in current use, calcium is estimated 
turbidimetrically as the oxalate. The accuracy of this method has been ques- 
tioned recently by Melsted (17). The authors' experience with the oxalate 
method for the rapid estimation of calcium also indicates that this procedure 
lacks the necessary precision and is subject to large experimental errors which in 
some cases may be as high as 100 per cent. The pH of the solution, the pres- 
ence of soluble organic matter and diverse ions, and the manner of adding and 
mixing the reagents were found to be the important factors in the development 
of the final turbidity. Likewise, the presence of magnesium has been reported 

(15) to influence the crystal form of calcium oxalate and, consequently, the tur- 
bidity of the suspension. Hence, the final turbidity is a function not only of the 
amount of precipitate but also of the particle size and the crystal form. Further- 
more, the precipitate settles entirely too rapidly to permit accurate comparison 
of turbidity with a series of standards. Unsuccessful attempts were made to 
induce more rapid precipitation at pH 8 in order to obtain a more finely divided 
precipitate, the procedure employed by Merkle (18), both in the absence and in 
the presence of stabilizers such as glycerol as suggested by Baver and Bruner (2). 

Several soap reagents that have been proposed for the turbidimetric deter- 
mination of calcium as the oleate (29), sulforicinoleate (29), or the stearate 

(16) were then examined, but none were found satisfactory. These methods 
either lacked the proper sensitivity over the desired range of calcium concen- 
tration or the reagents were too unstable in the presence of the high concentration 
of sodium acetate in the extracting solution. Also, in most turbidimetric soap 
methods reported in the literature, calcium must be first separated from mag- 
nesium and other interfering ions. 
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Ammonium stearate prepared from a technical grade of stearic acid according 
to the directions given by Lyman (16) gave fairly satisfactory results only when 
the ratio of the volume of the reagent to the test solution was reduced from 2,5, 
as recommended by Lyman, to 1, but even under this condition the soap floccu- 
lated and formed a gel immediately after mixing with the test solution at tem- 
peratures below 23®C. The reagent prepared from purified stearic acid, however, 
proved very unstable upon dilution with the test solution, apparentl}?” because of 
hydrolysis of ammonium stearate and consequent separation of stearic acid to 
form a gel even in the presence of considerable excess of ammonium hydroxide. 
Increasing the amount of reagent tended to prevent the hydrolysis of ammonium 
stearate but at the same time caused almost immediate flocculation of calcium 
stearate. This led to a careful study of the composition of the reagent in an 
effort to determine the optimum amounts of stearic acid, oleic acid (used for 
stabilization), alcohol, and ammonium hydroxide necessary to give the maximum 
stability and the greatest sensitivity within the desired range of calcium concen- 
tration, Consequently, the soap reagent described under the calcium test was 
finally adopted. In addition to being considerably more stable, this reagent is 

TABLE 3 


Effect of diverge ions on the proposed turhidimetric soap test for calcium 


CONSTITUENT PRESENT 

Ca POUND 

CONSTITUENT PRESENT 

Ca POUND 

Ihs./A, 

lbs./ A, 

Ibs./A. \ 

lbs./ A. 

1000 Mg 

0 

300 A1 

0 

500 Mg -f 1500 Ca 

1500 

150 A1 -h 1500 Ca 

1500 

100 Fe++''’ 

0 

200 Mn-^+ 

0 

100 Fe+++ + 1500 Ca 

1500 

100 Mn++ + 1500 Ca 

1500 


also less sensitive to magnesium than the ammonium stearate reagent described 
by Lyman. Furthermore, the authors found that in the presence of a small 
amount of citrate this reagent is indeed very specific for calcium, as shown in 
table 3, giving no soap cloud with magnesium, manganese, iron, or aluminum 
even when these ions are present in concentrations greater than are normally 
found in soil extracts. 

This new turbidimetric calcium test has given very reproducible and accurate 
results. By using the aliquot and the size of vial as directed in the procedure, 
calcium may be estimated vdthin 100 pounds in the working range from 0 to 
2000 pounds per acre. Because of the rather abrupt decrease in sensitivity of 
the test above 28'" C., the temperature of the test solutions and reagents should 
be kept below 28^^ C., preferably between 20^^ and 26° C. Unlike the calcium 
oxalate in the turbidimetric estimation of calcium, the colloidal calcium stearate 
remains in suspension without any settling for two or three hours, after which 
time slight flocculation usually occurs only at higher calcium concentrations. 

Determimtion of nmgnesium 

Two of the better organic reagents for direct colorimetric determination of 
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reagents, titan yellow has been used more extensively in the rapid microchemical 
soil tests. As a result of adsorption of the dye by magnesium hydroxide, both 
reagents form color lakes with magnesium in alkaline solution. Except in very 
dilute magnesium solutions the lakes precipitate immediately unless some suit- 
able protective colloid is present. Although as a rule the color intensity of color 
lakes is not affected by dispersing agents, the use of a protective colloid in the 
formation of the magnesium lakes by these two reagents, particularly titan 
yellow, results in considerable intensification of the color. Hence, the use of a 
protective colloid in the magnesium test employing either of these two reagents 
serves not only to extend considerably the range of the test but also increases the 
sensitivity. Among the protective colloids tried, soluble starch and gum traga- 
canth were both found equally satisfactory, but since the latter must be purified 
by electrodialysis or other means, starch is, therefore, recommended. The rapid 
fading caused by some samples of starch as previously reported by Peech (23) 
in the titan yellow^ method has not been encountered here, the apparent dis- 
crepancy being due to the presence of oxalate formerly used for the removal of 
calcium prior to making the magnesium test. 

The titan yellow as well as the p-nitrobenzeneazoresorcinol test for magnesium 
was found to be more subject to serious errors caused b}^ interfering ions than 
any other test investigated. Calcium, manganese, aluminum, and, to a lesser 
extent, iron were found to interfere with both tests. Inasmuch as attempts to 
eliminate or minimize the action of interfering ions in the two cases were not 
equally successful, the interferences in the two tests wfill be discussed separately. 

Titan yellow test. Although calcium, regardless of concentration, does not 
give a color lake with titan yellow in the absence of magnesium, calcium intensi- 
fies or decreases the color intensity of the magnesium lake, thus introducing a 
positive or a negative error depending on the amount of magnesium present. 
For example, with 50 pounds per acre of magnesium present,^ the addition of as 
much as 4000 pounds of calcium w^as found to have no effect on the color intensity 
of the magnesium lake. On the other hand, with 200 pounds of magnesium and 
1000 pounds of calcium present, the color of the magnesium lake w^as markedly 
intensified by calcium, the effect of 4000 pounds of calcium in this case being the 
same as that of 1000 pounds. But wdien the amount of magnesium present was 
in excess of 400 pounds, the effect of increasing the amount of calcium was to 
decrease the color intensity of the magnesium lake. In an effort to overcome the 
interfering action of calcium, the addition of citrate, tartrate, sucrose, mannite, 
and other complex formers proved to be of little or no value. Sucrose, which 
has been employed for this purpose by Baver and Bruner (2) and by Gillam (10), 

^ To facilitate discussion and to avoid possible confusion of of any given con- 

stituent in the original extract with the final concentration of that constituent in the test 
solution after the addition of all reagents, the more conventional expression ^^pounds 
per acre^^ (2,000,000 pounds of soil) will be retained throughout the discussion to designate 
the amount of constituent present in the synthetic solution as based on the full aliquot 
called for in the procedure. Thus, 50 pounds of Mg is equivalent to 5 p.p.m. of Mg in the 
3*ml. aliquot of the original extract or to 2.86 p.p.m. in the final test solution after color 
development. 
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partly eliminated the calcium interference when the amount of magnesium 
present was less than 200 pounds per acre. With larger amounts of magnesium, 
calcium caused a negative interference in the presence of sucrose. For example, 
when 1 ml. of 10 per cent sucrose solution was added to the test solution contain- 
ing an equivalent of 400 pounds of magnesium and 2000 pounds of calcium per 
acre, the actual amount of magnesium found by comparison with standards 
containing the same amount of sucrose was 60 per cent too low. The best way, 
found thus far, of preventing calcium interference with this test is to add to the 
standards as well as to the soil extracts a sufficient amount of calcium to produce 
maximum intensification of the color of the magnesium lake, and to repeat the 
test on a smaller aliquot of soil extract when the amount of magnesium found 
is over 200 pounds per acre. 

The behavior of aluminum in this test was found to be similar to that of cal- 
cium. Aluminum alone gave no color lake mth titan yellow but markedlj^ 
intensified the color of the magnesium lake when the amount of magnesium was 
greater than 50 pounds per acre. With smaller amounts of magnesium, the 
presence of aluminum was without effect. Fortunately, it was found that maxi- 
mum intensification of the magnesium color lake could be attained by the 
addition of aluminum equivalent to 50 pounds per acre. Upon further addition 
of aluminum, the color intensity remained comparatively constant except when 
magnesium was present in excess of 200 pounds per acre, in which case larger 
amounts of aluminum introduced a small negative error. Inasmuch as all 
attempts to prevent aluminum interference by use of competitive complex 
formers or by increasing the alkalinity of the solution as suggested b}^ Baver and 
Bruner (2) failed, the next obvious alternative, the method of compensation 
similar to that employed to prevent the interference of calcium, was tried and 
found quite satisfactory. The action of aluminum in the soil extracts is com- 
pensated for by the addition of aluminum to the standard solutions as well as 
to the soil extracts. 

The interfering action of manganese was found to be more serious and com- 
plicated than that of calcium or aluminum. In the absence of magnesium, man- 
ganese gave no color lake with titan yellow but produced a brown coloration. 
With smaller amounts of magnesium, manganese appreciably reduced the color 
intensity or destroyed the magnesium lake, depending on the amount of manga- 
nese present. On the other hand, with larger amounts of magnesium, the effect 
of increasing the amount of manganese was to intensify the color of the mag- 
nesium lake. Thus, the interference of manganese rendered the result of the 
magnesium test very misleading in many instances. Certain acid soils contain- 
ing large quantities of soluble manganese show-ed less than 25 pounds of mag- 
nesium per acre, whereas the examination of the same extracts by the 
8-hydroxyquinoline method previously described (24) actually revealed over 100 
pounds of magnesium, which may be considered adequate to meet the require- 
naents of most crops. Another example may be cited to illustrate the magnitude 
of the errors introduced by manganese interference. In a teaching demonstra- 
tion of cation-exchange phenomena, a number of soils containing appreciable 


4 


182 


MICHAEL PEECH AND LEAH ENGLISH 


quantities of exchangeable manganese were extracted separately with water and 
an equal volume of 1 N potassium chloride solution. When examined by the 
titan yellow test, considerably more magnesium was found in the aqueous ex- 
tracts than in the corresponding potassium chloride extracts, thus defeating, 
of course, the very object of the experiment. 

The use of citrate, tartrate, pyrophosphate, and other differential complex 
formers to prevent manganese interference proved unsatisfactory, as they either 
•caused precipitation of the lake or destroyed the color. Mannite was found 
■effective in preventing the interference of only small amounts of manganese as 
previously reported (23). In comparing the influence of different reducing 
agents on manganese interference, the authors’ attention was drawn to the 
interesting observation of Gillam (10) relative to the beneficial effect of hydroxyl- 


TABLE 4 

Effect of diverse ions on the 'proposed titan yellow test for magnesium 


CONSTITUENT PRESENT 

Mg FOUND 

CONSTITUENT PRESENT 

Mg FOUND 

lbs./ A. 

lbs./ A, 

lbs./ A. 

lbs./ A. 

4000 Ca 

0 

400 Mg 4- 100 A1 

400 

50 Mg -h 3800 Ca 

50 

400 Mg 4- 180 A1 

350 

100 Mg + 3200 Ca 

100 

100 Mg 4- 90 Fe+++ 

120* 

200 Mg 4- 3200 Ca 

200 

100 Mg -f 90 

100 

400 Mg -f 1200 Ca 

350 

200 Mg 4- 90 Fe+++ 

220* 

400 Mg + 2400 Ca 

350 

200 Mg 4- 90 Fe+++ 

200 

200 A1 

0 

50 Mg + 190 Mn++ 

Pbrown* 

50 Mg -4- 100 AI 

45 

50 Mg + 190 Mn++ 

65 

50 Mg 4- 200 A1 

45 

100 Mg 4- 180 Mn++ 

Pbrown* 

100 Mg 4- 100 A1 

100 

100 Mg 4- 180 Mn++ 

no 

100 Mg 4- 200 A1 

90 

200 Mg 4- 160 Mn-^+ 

110* 

200 Mg 4- 100 A1 

200 

200 Mg 4- 160 Mii++ 

180 

200 Mg 4- 200 A1 

175 

100 Mg 4“ 90 P (ortho) 

100 



200 Mg 4“ 80 P (ortho) 

200 


* Hydroxylamine hydrochloride omitted. 


amine hydrochloride mth the titan yellow method in preventing color fading 
which was found to occur in some instances. Inasmuch as manganese was not 
removed by the procedure employed by Gillam to separate iron and aluminum 
as the phosphates prior to the determination of magnesium by the titan yellow 
method, it was thought that the beneficial effect of hydroxylamine hydrochloride 
reported by this investigator might well have been attributed to the action of 
this reagent in preventing manganese interference rather than to any direct 
effect on color fading of the magnesium lake. This opinion was confirmed by 
subsequent experiments, which showed that hydroxylamine hydrochloride is 
without effect on color fading of the magnesium lake in the absence of manganese 
and that this reagent is very effective in preventing manganese interference with 
the titan yellow test for magnesium. The mechanism of the action of hydroxyl- 
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probably involves complex formation in addition to inhibiting atmospheric 
oxidation of manganous ion in alkaline solution, because other reducing agents 
tried were not foimd satisfactory. 

Although iron in the amounts usually found in soil extracts does not interfere 
seriously with this test, its possible interfering action is also prevented in the 
presence of hydroxylamine hydrochloride. Phosphate ion in the amounts found 
in soil extracts will not interfere. The results of magnesium determinations as 
obtained by the proposed titan yellow procedure in the presence of vseveral diverse 
ions are listed in table 4. Despite the significant improvements made in this 
test, the recovery of magnesium from standard synthetic soil solution as showm 
in table 2 is not so satisfactory as the recoveries of other constituents. 

p-Nitrohenzeneazoresorcinol test. Since it was impossible by any simple pro- 
cedure to prevent manganese interference mth the magnesium test emploj^ing 
p-nitrobenzeneazoresorcinol reagent, this test was not fully investigated. The 
following comments, however, should be made. The p-nitrobenzeneazoresor- 
cinol test for magnesium is apparently subject to the same interferences listed 
under the titan yellow test, except that calcium interference with the p-nitro- 
benzeneazoresorcinol test is less serious and can be prevented by the addition of 
mannite as provided in the procedure. The presence of mannite also serves to 
inhibit rapid color fading, which otherwise was found very troublesome. Obvi- 
ously, the p-nitrobenzeneazoresorcinol test for magnesium as herein described is 
not applicable to soil extracts containing appreciable amounts of manganese, 
iron, and aluminum but should be well suited for the rapid determination of 
magnesium in plant tissue extracts, for which purpose it has been successfully 
employed in this laboratory. 

Determination of potassium 

Largely because of its rather extensive use, the turbidimetric cobaltinitrite 
test for potassium has been studied perhaps more than any other rapid micro- 
chemical soil test, yet the difficulties encountered with some of the present 
techniques were equally as great. Although some of the rapid soil tests for 
potassium in current use gave excellent results with pure potassium chloride 
solutions, the results obtained on synthetic solutions and soil extracts w^ere not 
only erratic but subject to large analytical errors. Aside from variability in the 
composition of the precipitate due to possible substitution of potassium by so- 
dium and ammonium ions, the apparent turbidity is markedly influenced by 
particle size and crystal form of the precipitate as has been observed by Kime.® 
Thus, in addition to the amount of precipitate or the completeness of precipita- 
tion, both the particle size and the crystal form of the potassium-sodium co- 
baltinitrite precipitate also markedly influence the apparent turbidity, the 
point that has been very frequently overlooked in studies of the method reported 
in the literature (4, 17). It was not surprising, therefore, to find that the pres- 

5 Kime, C. D., Jr. Factors affecting the reproducibility attainable in the cobaltinitrite 
turbidimetric method for determining potassium. 1940. (Unpublished master’s thesis. 
Copy on file Univ. Fla., Gainesville.) 



184 


MICHAEL PEECH AND LEAH ENOLISH 


ence of diverse ions which do not necessarily react or form a precipitate with 
the reagent should affect the final turbidity. 

The first procedure investigated was essentially the one which was originally 
proposed by Bray (3) and which is now in rather extensive use. The test was 
conducted as follows: To 2 ml. of the extract in a vial, 0,3 ml. of 37 per cent solu- 
tion of formaldehyde and 0,3 ml. of Bennett’s cobaltinitrite reagent (as given 
by Bray) were added and thoroughly mixed; 2 ml. of 95 per cent ethyl alcohol 
was then carefully added doTO the side of the vial to form a layer on top of the 
solution, and the contents were mixed rapidly and uniformly by swirling the vial 
for 30 seconds. After 15 minutes the turbidity of the test solution was compared 
with that of a series of standard potassium solutions carried simultaneously 
through the same procedure. Despite this method of turbidity comparison 
against a series of standards, it was observed that certain soil extracts gave 

TABLE 5 


Results obtained by the potassium turhidimetric test involving the use of BenneWs cobaltinitrite 
reagent and ethyl alcohol, showing the anomalous effect of temperature in the presence 

of diverse ions 


SOLUTION’^ 

K 

at 26“C. 

at 20‘’C. 

15 min. 

45 min. 

15 min. 

45 min. 

Standard synthetic soil solution No 1 

Standard synthetic soil solution No 2 

Soil extract A 

Ihs./A. 

225 

200 

125 

75 

25 

Ihs./A. 

225 

200 

150 

75 

25 

lbs./ A. 

175 

125 

75 

75 

25 

Ihs./A. 

175 

125 

90 

75 

25 

Soil extract B 

Soil extract C 



* Standard synthetic soil solution No, 1 contained the same constituents as the standard 
solution given in table 2 except that ammonium, manganese, ferric, and aluminum sulfates 
were omitted; standard solution No. 2 is identical with that shown in table 2. The theo- 
retical amount of potassium in both solutions was equivalent to 220 pounds K per acre. 

consistently lower results with decrease in temperature, and that, unless the 
temperature remained constant, the results obtained on the same extracts 
would vary appreciably from day to day. This anomalous effect of tempera- 
ture on turbidity development observed in many soil extracts was confirmed by 
results obtained with standard synthetic solutions as sho'wn in table 5. It was 
also found that in such extracts, particularly at temperatures between 20° 
and 25°C., the turbidity, when compared mth a series of standards, would often 
increase with time so that the amount of potassium found after 45 minutes 
would be consideraby higher than that found after 15 minutes. Although the 
influence of temperature in the cobaltinitrite test for potassium has long been 
recognized, it has been assumed heretofore that the temperature effect is inde- 
pendent of the composition of the test solution and may be compensated for by 
use of natural standards carried simultaneously through the procedure. Inas- 
much as the sensitivity of the test to small amounts of potassium increases with 
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decrease in temperature, there has been a tendency to favor low precipitation 
temperatures, which are likely to lead to lower recoveries of potassium than 
those reported in table 5. In fact, Burkhart (4), on the basis of the results ob- 
tained with potassium chloride solutions, recommended that the temperature 
be maintained at 10° C. in order to increase the sensitivity of the cobaltinitrite 
test to small amounts of potassium. 

Although fairly satisfactory results could be obtained by using Brajj-^s pro- 
cedure, as described above, between 28° and 30° C., this narrow temperature 
range is apparently too near the critical temperature above which the sensitivity 
is loAV and the results are likely to be eiTatic. Several methods of mixing the 
solutions after the addition of alcohol, such as motor stirring, stoppering and 
inverting the vial, were then tried, and although the necessity of rapid and uni- 
form mixing as emphasized by Hance (11) and Kime^ was confirmed, the differ- 
ent methods of mixing failed to obviate the anomalous effect of temperature on 
turbidity development in the presence of diverse ions. This led to a study of 
other variables in the procedure, such as the concentration of sodium cobaltini- 
trite, the concentration of sodium nitrite, the kind and amount of alcohol, and 
finally to the development of the test herein described. It will suffice to say 
that the major difficulties were eliminated by substituting isopropyl alcohol for 
ethyl alcohol despite the fact that the latter produces greater turbidity and con- 
sequently renders the test more sensitive. In order to increase the sensitivity 
of the test with isopropyl alcohol, it was necessary to increase the amount of 
sodium cobaltinitrite, the amount of sodium nitrite, as well as the ratio of sodium 
nitrite to sodium cobaltinitrite. Although the addition of 1 ml. of the new^ re- 
agent introduces considerably more sodium cobaltinitrite, the color of the test 
solution is less intense and consequently less troublesome in comparison of 
turbidity than that in the case of the former test, because of the higher concen- 
tration of sodium nitrite, which was found to reduce markedly the color intensity 
of the sodium cobaltinitrite in solution. The new procedure has been found to 
give very reproducible and accurate results in the presence of diverse ions over a 
wide range of temperature (see table 2). 

Reference is frequently made to the effect that ammonia, except when present 
in large amounts, does not interfere with the cobaltinitrite test for potassium. 
In order to obtain more specific information on this point, experiments were set 
up to study the behavior of the ammonium ion in the absence as w^ell as in the 
presence of formaldehyde, which is commonly employed in this test for the 
purpose of preventing the interference of ammonia. The procedure given under 
the proposed potassium test was follow’-ed except, of course, in the absence of 
formaldehyde, in which case the formaldehyde solution w^as omitted from the 
test solutions as well as from the corresponding series of standards. It will be 
noted from the results presented in table 6 that the magnitude of the error caused 
by the interference of the ammonium ion in the absence of formaldehyde is de- 
termined by the concentration of both the ammonium and the potassium ions 
present, and that formaldehyde, because of its capacity to form hexamethylene 
tetramine with ammonia, is a very effective agent in preventing the interfering 
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action of ammonia. In the absence of formaldehyde, even small amounts of 
ammonia will cause appreciable errors when large amounts of potassium are 
present. Upon addition of 0.3 ml. of 37 per cent solution of formaldehyde, as 
much as 1000 pounds of ammonium nitrogen per acre will not introduce a signifi- 
cant error regardless of the amount of potassium present. The behavior of the 
ammonium ion with and without the addition of formaldehyde in the proposed 
test, as shown in table 6, is essentially the same as that found in the former test 
involving the use of Bennett’s reagent and ethyl alcohol. 

As already emphasized, it is imperative that the final mixing of the alcohol 
layer with the test solution containing cobaltinitrite be done rapidly and uni- 
formly. The use of mechanical mixing devices such as proposed by Hance (11) 

TABLE 6 


Effect of the ammonium ion* on the proposed turhidimetric cobaltinitrite test for potassium in 
the absence and in the presence of formaldehyde 


IN THE ABSENCE OE HCHO 

IN THE PRESENCE OE HCHO 

Amount present 

K found 

Amount present 

K found 

K 

NHa-N 

K 

NHa-N 

lhs4A. 

Ihs./A, 

Ihs./A. 

Ihs./A. 

lbs,/ A. 

lbs./ A, 

0 

100 

0 

0 

600 

0 

0 

200 

25 

0 

1200 

0 

0 

300 

50 

0 

2000 

0 

0 

400 

>300 , . 




50 

50 

60 

0 

i 2000 

>300t 

100 

50 

no 

100 

100 

100 

200 

50 

225 

200 

100 

200 

50 

100 

75 

100 

300 

100 

100 

o 

o 

125 

200 

300 

200 

200 

100 

240 

100 

600 1 

100 

50 

200 

125 

200 

600 

225 

100 

200 

200 

100 

1200 

100 

200 

200 

>300 

200 1 

.1200 

225 


* Ammonium added as the sulfate, 
t 0.1 ml. of HCHO added instead of 0.3 ml. 


and Kime® should permit more rigid standardization of this important step in 
the test. It is possible, however, for most operators to become proficient with 
hand mixing as employed in the proposed test after several days of practice. 

Determination of manganese 

The delicate benzidine spot test for manganese, proposed by Feigl (8) and 
which is commonly employed in rapid microchemical soil tests, was found un- 
satisfactory because the color fades entirely too rapidly to permit any quanti- 
tative estimation of manganese. In the formaldoxime method described by 
Sideris (28), iron and phosphate interfere and must be removed. As suggested 
by the recent polarographic investigations of Kolthoff and Watters (14), attempts 
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were made to oxidize manganese with lead dioxide to the trivalent state to form 
a violet complex, tridiliydrogen pyrophosphatomangaiiiate, which is much more 
stable than the permanganate ioiTtowiHIrS agSit^ but the method was 
not found sufFiciently sensitive for the purpose. 

Of the colorimetric methods based on the oxidation of bivalent manganese 
to permanganate, the bismuthate method proved the most satisfactory. The 
oxidation of manganese proceeds very rapidly at room temperatures, and the 
permanganate color is fairly stable in acetate solutions in the presence of 0.2 ml. 
of concentrated sulfuric acid as given in the procedure. Rapid fading of color 
was observed with larger amounts of sulfuric acid, and also when nitric acid, 
which is commonly employed in the bismuthate method, was substituted 
for sulfuric acid. As in other methods involving oxidation of manganese to 
permanganate, all reducing substances must be absent. For this reason, the 
bismuthate test for manganese cannot be carried out successfully even in the 
presence of small amounts of organic matter in the extracts. Soil extracts of 
mineral soils, prepared without the use of activated carbon to remove soluble 
organic matter, gave no perceptible color in the bismuthate test although the 
extracts were known to contain an equivalent of at least 100 pounds of manganese 
per acre. This source of interference is virtually eliminated, however, when the 
extracts are clarified by means of activated carbon, under which condition the 
test ma}" be expected to give reliable results. Because of the possibility of slight 
color fading on standing, the comparisons should be made as soon as the excess 
bismuthate has settled out, which usually takes about 30 minutes. 

Determination of iro7i 

Although o-phenanthroline (9) and aa'-bipyridyl (22) have been shown to 
be excellent reagents and superior to ferrocyanide or thiocyanate for the colori- 
metric determination of iron, these two reagents have received relatively little 
attention in rapid chemical soil testing work. Both reagents are highly specific 
and very sensitive to ferrous iron with which they form very stable colored com- 
plexes over a wide range in pH values (pH 2 to 9) . There is little choice between 
the two reagents. When stoppered and protected from direct light, the stand- 
ards may be kept for 6 months without any color fading (9). 

The adoption of the o-phenanthroline reagent as a rapid microcheniical soil 
test for iron in soil extracts presented no problem. Nevertheless, several 
questionable points required further consideration. Tests made to determine 
the rate of reduction of ferric iron by hydroxylamine hydrochloride showed that 
even at pH 4.8, under conditions of the test, the reduction was complete within 
1 minute. The addition of o-phenanthroline before or after the addition of 
hydroxylamine hydrochloride to a solution of ferric iron gave the same results. 
In the absence of the reducing agent, o-phenanthroline produced a barely per- 
ceptible yellowish coloration mth ferric ion. Thus it should be possible by means 
of this reagent to determine the relative amounts of both ferrous and ferric ions 
in the same solution hy measuring the color intensity before and after reduction. 
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Determination of aluminum 

Three of the organic reagents commonly employed in the rapid microchemical 
soil tests for aluminum are hematoxylin, alizarin S, and aluminon (ammonium 
salt of aurintricarboxylic acid). Iron interferes seriously with the methods 
using the above reagents, and in the more accurate procedures it usuall}^ is 
removed by cupferron or sodium hydroxide separation. As the color produced 
vdth iron differs from that given by aluminum, accurate color comparison is 
impossible even in the presence of relatively small amounts of iron. With the 
exception of the procedure given by Baver and Bruner (2), no provision is made 
to prevent iron interference in the rapid microchemical soil tests for aluminum 
reported in the literature. 

Comparison of the applicability of hematoxylin, alizarin S, and aluminon 
to the rapid estimation of aluminum in soil extracts showed the aluminon reagent 
to be superior in many respects. The aluminon method was found simpler and 
more sensitive over a wider range of aluminum concentration, especially in the 
presence of a protective colloid. It was also found possible to prevent the in- 
terference of iron with this method by means of hydroxylamine hydrochloride 
without resorting to tedious analytical separations. Upon addition of hy- 
droxylamine hydrochloride, excellent recoveries of aluminum were obtained 
even in the presence of larger amounts of iron than are normally found in soil 
extracts. Comparative tests of the relative effectiveness of hydroxylamine 
hydrochloride and sodium sulfide, the reagent employed by Baver and Bruner 
(2) to prevent iron interference, showed hydroxylamine hydrochloride to be 
superior, as the use of sodium sulfide is likely to cause troublesome turbidities. 

Unlike the intense color of the alizarin dye, the color of the aluminon reagent 
is hardly perceptible and the excess of the dye need not be decolorized with 
ammonium carbonate, as is commonly done, especially when color comparison 
is made against a series of standards. Even when other methods of color com- 
parison are employed, such as light transmission measurements by means of a 
photoelectric colorimeter, the excess dye should not be decolorized with am- 
monium hydroxide or ammonium carbonate when hydroxylamine hydrochloride 
is used to prevent the interference of iron, because under such conditions very 
rapid color fading has been observed. The presence of other reducing agents 
such as hydrogen sulfide and sulfur dioxide has also been reported to destroy 
the aluminum lake (36) presumably under the same conditions. It is very 
improbable that such metals as chromium, thorium, and a number of the rare 
earth metals, the hydroxides or basic acetates of which also form red lakes with 
aluminon but which are decolorized by ammonium carbonate (19), are present 
in sufficient amounts in soil extracts to cause significant errors. 

The precipitation of the lake not only limited the useful working range of the 
test but made accurate color comparison very difficult. This difficulty has 
been obviated by the fivefold dilution of the extract and by the use of soluble 
starch. Fortunately, the same protective colloid may be employed to advantage 
here as well as in the magnesium test. The pH of the soil extracting solution 
employed, i.e., 4.8, is optimum for the development of the maximum color in- 
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tensity (35), and because the solution is strongl}^ buffered at this pH value, fur- 
ther adjustment of the pH of the soil extracts in making the aluminum test is 
unnecessary. Although the aluminum lake develops slowl}^ at room tempera- 
tures and the full color is not attained mthin 24 hours, the comparison with a 
series of standards prepared simultaneously may be made at aii}' time after 30 
minutes. The results of aluminum determinations as obtained by the proposed 
test in the presence of diverse ions may be found in table 2. 

Determinalion of pkosphoi'us 

The rapid microchemical soil tests for phosphorus are modifications of the 
well-knovTi method involving the formation of phosphomolybdic acid in acid 
solution and the subsequent selective reduction of the heteropoly acid with 
stannous ion to give molybdenum blue. Examination of the conditions under 
which some of the tests are made would indicate that the influence of such vari- 
ables as the nature and the concentration of the acid emplo^Td, the amount of 
molybdate, the ratio of molybdate to acid, and the amount of reducing agent is 
not fully appreciated. The acidity in some of the procedures has been reduced 
below the critical point at which silica interferes and the molybdate itself is 
likely to be partly reduced to give the blue color in the absence of phosphate. 
Also, the use of powdered stannous oxalate or tinfoil, as commonly employed, 
offers little advantage and is not recommended, as such techniques have been 
found to give less reproducible results than the addition of stannous chloride 
solution, which is reasonably stable when protected from air with a layer of 
paraffin oil. Unfortunately, other procedures that utilize more stable reagents 
and also give more stable molybdenum blue color are not sufficiently sensitiye 
to permit their use on soil extracts very low in phosphorus, such as those obtained 
with Morgan’s extracting solution. 

The phosphorus test described here is carried out in the presence of a high 
concentration of hydrochloric acid, under which condition silica and relatively 
large amounts of ferric iron as shovm by Diclanan and Bray (7) do not interfere. 
No interference was observed from ferric iron in amounts equivalent to 100 
pounds per acre. Larger amounts of ferric iron decreased the intensity of the 
color, but it was found that the interference from as much as 300 pounds of 
ferric iron per acre could be prevented b^^ the addition of three drops of a 5 per 
cent solution of hydroxylamine hydrochloride to the test solution prior to the 
addition of the molybdate reagent. Nitrate does not interfere. Arsenate, of 
course, reacts like phosphate under the same conditions and must be absent. 
Its interfering action, however, may be eliminated upon reduction with sodium 
bisulfite in hot acidified solution before the addition of molybdate (37). At- 
tempts to reduce pentavalent arsenic with other reducing agents at room tem- 
perature and without further addition of acid to the extracts %yere not successfuL 
Silica will not interfere, provided the molybdate reagent is added rapidly and 
mixed immediately with the soil extract in order to prevent the formation of 
silico-molybdate. Failure to observe this precaution may lead to serious errors. 

If the pH of the soil extract is above 5.2, which is seldom the case except 
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with highly calcareous soils, the amount of acid provided in the molybdate 
reagent may be insufficient to prevent some reduction of the uncombined 
molybdate. In such cases, the extract should be diluted with the extracting 
solution, or the pH adjusted to 4.8 with hydrochloric acid, before proceeding 
with the test. 


Determination of ammonia 

Preliminary trials to nesslerize the ammonia directly in the soil extracts in 
accordance with the procedure followed in all rapid microchemical soil tests were 
unsuccessful because of precipitation of the Nessler reagent in the presence of 
the high concentration of sodium acetate and other diverse ions, notably mag- 
nesium. The formation of red precipitates immediately upon addition of the 
Nessler reagent to the extracts, even in the absence of ammonia, greatly impaired 
the accuracy of this delicate test and made the color comparison very difficult 
or impossible. These difficulties due to precipitation of the Nessler reagent and 
the colored ammonia complex have been completely obviated by the use of 
tartrate and gum acacia, the latter serving as a protective colloid. The purpose 
of the tartrate is to prevent the precipitation of certain ions, particularly mag- 
nesium, which even in small amounts was also found to cause rapid precipitation 
of the color in nesslerized solutions. With this procedure, it has been possible 
to make direct nesslerization of relatively large amounts of ammonia in soil 
extracts in the presence of diverse ions without the formation of precipitates in 
nesslerized solutions even upon standing for several hours. 

The Nessler reagent is prepared according to the directions given by Vanselow 
(31) except that it is twice as concentrated. This reagent is more readily pre- 
pared and has been found more satisfactory for direct nesslerization than other 
modifications in common use. Purification of unground gum acacia, U. S. P., 
has been found unnecessary, but its slight reducing action on the Nessler reagent 
must be destroyed by pre treatment of the gum acacia solution with Nessler 
reagent as recommended by Chiles (5). The reagent prepared by combining 
the Nessler reagent, gum acacia, sodium hydroxide, and sodium tartrate proved 
unsatisfactory because of rapid deterioration. 

To prevent possible loss of ammonia, it is necessary to add Nessler reagent soon 
after mixing the extract with the sodium hydroxide-tartrate solution; however, 
the completion of the test may be delayed even 1 hour without loss of ammonia, 
provided the sodium hydroxide-tartrate solution is added down the side of the 
vial as directed in the procedure. 

The procedure for direct nesslerization herein described has been also suc- 
cessfully employed for the determination of the exchange capacity of soils by 
the ammonium acetate method, thus supplanting the distillation of ammonia 
subsequent to its extraction with sodium chloride solution as previously de- 
scribed (24). 

Determination of nitrate 

Among the three reagents, diphenylamine, i^-methylumbelliferone, and bru- 
cine, which were investigated by the authors, brucine was found superior to 
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either of the others for the rapid determination of nitrate in soil exti'acis. The 
color produced by ^-methylumbelliferone with nitrate in strong sulfuric acid 
solution was not sufficiently intense, and though the sensitivity of the test could 
be increased b^^ subsequent neutralization of the solution with ammonium hy- 
droxide as proposed b}^ VasiPev and Dukliinova (32), this procedure obviously 
lacks the desired simplicity. Although equahy simple and rapid, the accuracy 
as well as the precision of the brucine test was found to be much greater than 
that of the diphenylamine spot plate test which was originally proposed by 
Morgan (20) and which is now extensively employed for rapid estimation of 
nitrate in both soil and plant tissue extracts. Moreover, the brucine test is 
remarkably free of interferences by extraneous ions. In fact, none of the ions in 
the soil extracts are likely to be present in sufficient quantities to interfere with 
this test. It is surprising, therefore, that with the exception of the test for nitrate 
employed by Truog^, this reagent has found no application in the rapid micro- 
chemical soil tests. Truog’s procedure, however, makes use of the initial bright 
red color which appears in the presence of nitrate but which changes rapidly to a 
transitional orange and finally to a permanent yellow- color. This permanent 
yellow’ color as emploj^ed in the proposed test is more reliable and permits more 
accurate color comparison with a series of natural standards. 

A few tests made to study the behavior of nitrite show-ed that, under the 
specific conditions of the test, nitrite is apparently also determined and included 
together with nitrate nitrogen in the final result. In order to check the accuracy 
of the proposed brucine test, nitrate determinations on soils showui in table 7 
w^'ere also made by the phenoldisulfonic acid method as described by Harper (12) 
except that a photoelectric colorimeter w^'as employed to measure the light 
transmission. It is e\ddent from the results in table 7 that the agreement be- 
tween the tw^o methods is very satisfactory. 

COMMENTS 

Recoveries of added constituents from a sjuithetic soil solution as obtained by 
the proposed microchemical soil tests are shown in table 2, wffiicli has already 
been referred to in the discussion. Additional data relative to accuracy and 
sensitivity, as well as some information on the completeness of extraction of the 
exchangeable bases, are given in table 7, in wffiich the results of the proposed 
microchemical soil tests on some typical New’’ York soils are compiled together 
with other data obtained by the more conventional methods. 

Because of the slow deterioration with time of some of the reagents and the 
influence of temperature and time in certain tests, the use of artificial standards, 
such as color and turbidity charts, is likely to lead to appreciable errors. The 
photoelectric colorimeter, wffiich is now rapidly supplanting the visual methods 
of color comparison, offers little advantage, as it is subject to the same limita- 
tions. Instead of resorting to temperature control and timing, both of which 
are impractical when dealing wdth batteries of 24 to 36 soils at a time, it is more 
expedient and feasible to employ natural standards. Y¥hen making tests sub- 
ject to the time factor on this many soil extracts, however, it is advisable to de- 
velop the color or turbidity in the standards after the color or turbidity has been 
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developed in one half of the extracts before completing the tests on the remainder 
of the extracts. With this precaution, the relatively small differences in time 
of color or tiirbidit}?' development between the soil extracts and the standards 
will introduce only negligible errors. 

The microchemical soil tests herein described should be applicable to the ex- 
amination of aqueous extracts and soil solutions, partiGiilaii.y when dealing 
with limited volumes of soil solutions as obtained by the pressure-membrane 
technique of Richards (26), and when the degree of accuracy obtainable by such 
micromethods as those described by Reitemeier (25) or Peech (24) is not rec|uired. 
In order to employ advantageously the same reagents and standard solutions 
listed under the respective tests without appropriate modifications, the soil 
solution or the aqueous extract, subsequent to concentration or any preliminary 
treatment to remove the organic matter, should be made to contain the same 
concentrations of sodium acetate and acetic acid as are present in hforgan’s 
extracting solution. In the removal of organic matter from soil solutions by 
carbon, Reitemeier (25) found appreciable reduction in concentration of many 
ions. There is no apparent reason, however, why activated carbon should not 
serve the purpose equally well here after the addition of proper amounts of 
sodium acetate and acetic acid to the soil solution or the aqueous extract, under 
which conditions adsorption of most ions by carbon, as has been already shown, 
is negligible. 

Attempts to adapt these microchemical soil tests to the determination of 
soluble plant nutrients, after extraction of frcvsh plant tissue with Morgan’s 
extracting solution in a Waring Blendor, have shown that the tests for ammonia 
and nitrate nitrogen are not satisfactory for this purpose. Although perfectly 
clear and colorless plant tissue extracts could be obtained by the use of activated 
carbon, some of the extracts were found to contain interfering organic substances, 
presumably sucrose and reducing sugars, which reduced the mercuric ion in the 
Nessler reagent and which also interfered seriously with the nitrate test. The 
addition of sulfuric acid to such extracts even in the absence of brucine produced 
an intense yellow to brown coloration, thus rendering the test worthless. Ob- 
viously, other nitrate tests, employing reagents such as diphenylamine, jS-metlijl- 
umbelliferone, and phenoldisiilfonic acid in sulfuric acid solution, are subject to 
the same interference. As diphenylamine gives a blue color with nitrate, the 
interference mth this test is probably less serious. Although the tests for other 
constituents apparently gave good results on plant tissue extracts clarified with 
activated carbon, possible interferences with other tests merit further inves- 
tigation. 

SUMMARY 

A critical examination of the rapid mierochemical soil tests in current use 
showed many of the tests to be subject to serious analytical errors and, therefore, 
unreliable. Among some of the inherent technical difficulties, interferences by 
diverse ions were found to cause sufficiently serious errors to invalidate the 
results in many instances. These interferences in the tests were thoroughly 
investigated and were obviated by the development or the adoption of more 
specific reagents and by use of competitive complex formers. The accuracy 
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as well as the working range of the tests, particularly those utilizing color lake 
formation, was considerably increased by introduction of protective colloids. 
As a result, accurate and reliable microchemical soil tests suitable for practical 
routine soil testing have been developed. These are presented in this paper 
together with a discussion of interferences and other inherent analytical errors 
encountered in the course of the work. The applicability of these tests to the 
examination of soil solutions, aqueous extracts, and plant tissue extracts is also 
discussed. A brief description of the tests follows. 

The soil is extracted mth Morgan’s sodium acetate-acetic acid solution at 
pH 4.8. The removal of soluble organic matter is effected by the use of acti- 
vated carbon in the extraction process. All tests are then made directly on the 
separate aliquots of the filtered extracts wdthout preliminary separation or 
treatment. The amounts of the different constituents are determined by com- 
parison with a series of standard solutions carried simultaneously through the 
tests. Calcium is estimated turbidimetrically as calcium stearate; magnesium, 
colorimetrically by means of titan yellow; potassium, turbidimetrically as po- 
tassium-sodium cobaltinitrite; manganese, colorimetrically after oxidation with 
bismuthate; iron, colorimetrically by o-phenanthroline; aluminum, colorimetri- 
cally by aluminon (aurintricarboxylic acid); phosphate, colorimetrically after 
reduction of the phosphomolybdate with stannous oxalate; ammonia, colorimet- 
rically by direct nesslerization; and nitrate, colorimetrically by brucine. 
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Whether soil water moves by turbulent flow through large root channels, by 
streamlined flow between natural structural units, or by film adjustments in 
the finest capillaries, its movement is related to the size and arrangement of 
the pores. Once the natural arrangement is disturbed in the laboratoiy there 
is no way of reconstructing it. Measurements of texture and aggregation may 
be of assistance, but they are not adequate to indicate the true conditions of 
permeability and aeration in the original soil mass. 

There are methods, however, that offer promise as means of evaluating pore- 
space relationships in undisturbed soil samples. These are based upon direct 
measurements of permeability to water or gases (1, 6, 11, 16, 19, 21, 26, 28, 31) 
and upon determinations of effective pore-size distribution by moisture tension 
methods (1, 5, 8, 14, 15, 16, 25). Direct permeability measures have received 
widespread consideration both in soils and in hydrologic studies for many 
years, and numerous mathematical expressions have been worked out relating 
percolation to particle size and pore volume. The classic equation is that of 
Schlichter, which is cited in its original or modified form in almost every text 
dealing with wnter movement. This equation, as discussed by Zimker (30, 31), 
was developed theoretically on the basis of Poiseiiille/s law for viscous flow" (7), 
and has been widely used in studies of underground waters. 

The validity of such a formula for estimating ground-w^ater movement is 
dependent upon a dominance of lamellar or viscous flow" and the soundness of 
Darcy’s law, as well as upon the accuracy of the evaluation of pore size, shape, 
and continuity. 

The thorough discussion of lamellar flow" by Tolman (29) seems to indicate 
that most ground-w^ater movement is of this nature, and the precise experimental 
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resnlts of Meinzer (17) provide a basis for concluding that Darcy’s law is valid 
for all practical purposes. The same conclusion is reached by Muskat (20). 
But, even so, it is evident that such formulas can never be used to evaluate 
accurately the movement of water through soils. No means is provided for 
expressing differences in pore continuity, and the pore size is only very roughly 
approximated by the best possible measurements of particle size. Differences 
in the packing of soil particles, which are reflected in the conclusion of Bodman 
( 4 ) that very little water moves through soils finer than fine sandy loams at 
apparent densities greater than about 1 . 5 , could be accounted for only to a very 
limited extent by the porosity and particle-size factors in Schlichter’s formula. 

Somewhat improved accuracy in predicting percolation through soils might 
be expected from the formula of Zunker (30, 31), which distinguishes between 
effective and noneffective pores upon the basis of specific surface or hygroscopic- 
ity of the soil.^ This distinction, though arbitrary, is a step in the direction of 
attaching greater significance to the coarser pores. It accomplishes essentially 
the same thing as the division of soil pores into capillary and noncapillary pores 
on the basis of the moisture equivalent, a distinction which has provided a useful 
index to water movement (11, 19). 

Despite the usefulness of such indexes, it is apparent that they are not entirely 
satisfactory (11, 19, 28). This has led to studies of water removal at low ten- 
sions in the hope of finding improved relationships ( 1 , 5, 14, 16, 22 , 25). One 
simple index with, promise is the water removal by a 40-cm. tension suggested 
by Nelson and Baver (22). This places much greater emphasis upon the coarser 
pores than the Zunker formula or noncapillary porosity derived from the mois- 
ture equivalent and volume weight. The index does not entirely satisfy Nelson 
and Baver, however, as shown by the fact that they emphasize the need for 
further study. Baver (3) in a recent discussion re-emphasized the need for a 
closer evaluation of the effectiveness of the pores of different sizes and the 
need for more study of pore continuity. 

Because of differences in directness and continuity of the pores, it is not to be 
expected that a perfect relation can ever be found between pore size and percola- 
tion even in the laboratory. This is indicated by Baver (3) and is brought out 
clearly by the results of Slater and Byers (26). Even so, there is an obvious 
need for more information about the relations that do exist in natural soil 
between percolation and pore size based on moisture tension. Such information 
should help to show the extent to which pore size can serve as an index to water 
movement, as well as the limitations of the relationship. Once the facts are 
understood, it would appear that the two measurements could be used to sup- 
plement each other by affording an answer to many questions as to the momen- 
tary physical condition of a particular soil sample with respect to water move- 
ment, That is, percolation measurements can indicate the permeability of a 
particular material, and pore-size or tension determinations can show what pores 
are available to account for the measured water movement. These are the two 

3 Hygroscopicity is determined over 10 per cent H 2 SO 4 . 
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questions which require an answer in many studies before relative ph3^sical 
differences between soil samples can be shown. 

Experience in this laboratory indicates that wide variations are to be ex- 
pected between duplicate samples representing a particular soil or condition. 
This will in some cases limit the use of percolation and pore-size measurements, 
but the magnitude of the real differences between materials or conditions is 
frequentl}?- so great that close agreement among duplicate samples is not neces- 
sary to show the differences. And in any case, care in collecting representative 
samples and sufficient replication can be used to bring out such differences as 
do exist, provided the interest in small differences is great enough to justify the 
effort. 

The purpose of this paper is to show what has been found regarding the 
relation of water movement to pore size as indicated by tension. The results 
given are for individual samples, some of wffiich are collected as replicates from a 
particular material. 

MATERIALS AND METHODS 

In studying the distribution of the soil pores involved in percolation, it is 
possible to use very simple techniques, since only the coarser pores need be 
considered. It seemed likely that a tension of 100 cm. of water would be suf- 
ficient to drain all pores making important contributions to percolation (I, 
14, 15, 18, 22), and the data obtained have confirmed this belief. This tension 
is within the range of the apparatus of Learner and Shaw (15) using ordinary 
desk blotters. A similar technique was used in the present study except that 
individual cores in brass cylinders were clamped to a brass base through which 
various tensions could be applied by raising or lowering a rubber tube filled with 
water, as suggested by Donat (8). The brass base was previously fitted with a 
fine copper screen overlain by two layers of blotting paper which maintained 
saturated contact between the water column and the soil. This simple appara- 
tus (fig. 1) has the advantage that the soil may be wetted, then quickly drained 
at the various tensions up to slightly more than 100 cm. of water without being 
removed from the base. It is especially convenient in obtaining accurate de- 
terminations at very low tensions and rates of water movement under various 
tensions. 

Preliminary to the determination of percolation rates, the samples are allowed 
to wet by capillarity. They they are clamped to the brass base and a low hy- 
draulic head is applied from below, causing water to move through the sample. 
Percolation rates were determined in two ways in this study: first, by dovmward 
percolation through the soil with a thin layer of water over the upper soil sur- 
face and a blotting paper membrane at the louver surface (fig. 1) ; and second, by 
percolating the water upward through the soils from below with no membrane 
of any kind except a layer of muslin (fig. 2). In both cases the sample was 
wetted from below as described. 

For downward percolation (fig. 1) the water level was maintained by pouring 
on additional water at intervals to replace that moving down through the soil 
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and out into the graduate. A fragment of blotting paper held on the water sur- 
face served to dissipate the force of the water during pouring, thus preventing 
any dispersion of the soil. The fluctuation of the water level was controlled 
within less than 0.5 cm., and a complete film of water was maintained over the 
soil surface at all times. . The thickness of the water layer over the soil varied 
somewhat, depending on the depth of the sample, but the total hydraulic head 
was adjusted by means of the outlet tube so that it was equal to the depth of the 
soil sample. 



Fig. 1. Apparatus for Measuring Percolation Rates and Macroporosity of Natural 

Soil 

During upward percolation (fig. 2) the water level was maintained equal to 
the depth of the soil sample by means of automatic flow from a large reservoir 
with a floating valve. The maximum fluctuation of the hydraulic head was 
approximately 0.5 cm. 

The percolation rates are expressed in inches per hour, the units suggested by 
Richards (24) as having the advantage of certain practical implications. This 
expression may be directly converted into units like the Darcy coefficient of 
permeability, or simple the ^yarcy’' as used by Muskat (20).^ 

^ One inch per hour — 0.7 darcy. 


RELATION OF PERCOLATION TO PORE SIZE 


201 


Pei'colatioii from lielow was allowed to take, place for a few minutes before 
the rate was measured by either method. Volumes of flow for suitable intervals 
are ordinarily constant within 10 per cent for successive readings. If the volume 
of percolate is sufficient for accurate measurement, the rate may be obtained in a 
few minutes. For samples with no coarse pores it is necessary to allow consider- 
able time for wetting and for measuring the percolation rate. 

Percolation rates can be measured with precision to 0.01 inch per hour and 
can be estimated to 0.001 inch per hour. The smaller absolute values are sig- 
nificant only when very slow percolation rates are being considered. Among 
veiy rapid rates a variation of 1.0 inch per hour may be of little interest. 



Fig. 2. Apparatus for Determining Percolation Bates of Natural Soil Cores. 
Flow not Impeded by a Membrane 


Immediately after determining the percolation I'ate, water removed by ten- 
sions of 10, 40, and 100 cm. of water column was measured successively, in the 
apparatus described (fig. 1), by adjusting the height of the outlet tube to provide 
the desired tensions and measuring the water removed at each tension. It was 
necessary to replace the muslin (fig. 2) with a blotting paper membrane in those 

cases where only muslin was used during percolation. 

The only appreciable en-or involved in determining the water removed by 
this means during a single determination is the reading of the volume of water 
in the graduate. This amounts to about 0.1 per cent in terms of the total soil 
volume, which is insignificant except for the measurement of the coaise pores in 
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samples with slow percolation rates. In such cases, this 0.1 per cent represents 
the approximate limit in accuracy that can be expected for establishing any kind 
of relation between percolation and the volume of pores of a particular size. 

If repeated determinations are made with a particular sample, there is likely 
to be a rather large variation, as has been shown by Russell (25). He concluded 
that a part of this variation was due to structural changes within the soil sample 
and that the first set of tension results were at least as satisfactory for appraisal 
of soil differences as results obtained after repeated wetting. In the present 
case also it was decided to use the results of the first tension measurements. 
This would seem most likely to yield results that would be typical of the natural 
soil as collected, because the structural changes of a core sample in the labora- 
tory would not necessarily follow the same course as structural changes in the 
field. And regardless of whether the results would apply directly to field con- 
ditions, the primary object of this study would be satisfied, that is, to establish 
any relationships that may exist between percolation rates and pore sizes based 
on tension. In most cases the general relations are believed to be much more 
than momentary, but even if they were not, it would seem worthwhile to meas- 
ure the effective pore sizes immediately following percolation so that the best 
possible indication would be obtained as to the pores that were permitting the 
actual percolation measured. 

Collection mid treatment of samples 

Soil samples were collected at moisture contents near field capacity in a sampler 
3 inches in diameter, described by Baver (1) as the Bradfield sampler, or as 
natural masses of soil, which will be referred to as lumps. These lumps 
were collected from subsoils after it was found that cores from subsoils were 
often compressed enough by the sampling to alter completely their natural 
percolation rates and pore sizes. 

In using soil lumps, the volume of each was determined by sand displacement 
(26) and a core for percolation and macroporosity measurements was prepared 
by sealing these lumps within 3-inch brass cylinders by means of molten paraffin. 
Fine asbestos fiber was used to fill any small irregularities of the lower soil 
surface which was to be brought into saturated contact with the blotting paper 
membrane. This procedure has been described elsewhere (27). A soil lump in 
the tension apparatus is shown in figure 1. Complete cores differed only in 
that the cylinder was filled with soil, no paraffin being used. The tension on 
the blotting-paper membrane and soil was adjusted by raising or lowering the 
water-filled tubing. The minimum cross section of the lump was estimated with 
a suitable scale. The error in such an estimation is naturally large, but the 
fact that percolation rates are invariably subject to a large percentage varia- 
tion allows the use of this estimated cross section without any appreciable sac- 
rifice in accuracy. 

The soil samples were kept moist in sealed containers until the determinations 
were made. A few drops of toluene were added to each sample to prevent fungus 
growths. 
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Nature of samples 

The samples studied cover a rather wide range of soil characteristics. They 
varied in texture from sandy loam to clay. Some samples were from surface 
horizons; others "were from subsurface soils and parent materials. The cores 
used were 3 inches in diameter 1| to 3 inches long. Most samples were taken 
in permanent pastures, but a few were from cultivated areas and from timber 
land. A few laboratory-packed quartz sand separates were studied for com- 
parison. The character of individual soil samples will be discussed in connec- 
tion with the results. 




LOG POROSITY FACTOR LOG POROSITY FACTOR 

Fig. 3 Fig. 4 

Fig. 3. Relation between Percolation Rate and Percentage Porosity Drained by 

A 40-cm, Tension, for Samples Collected under Permanent Vegetation. 
Percolation through a Blotting Paper Membrane 
Fig. 4. Relation between Percolation Rates and a Porosity Factor Involving 

Only the Pores Drained by a 40-Cm. Tension, for Samples under Permanent 
Vegetation. Percolation through a Blotting Paper Membrane 
Porosity factor = % pores drained by 10-cm. tension 
_L % pores drained from 10- to 40-cm. tension 

RESULTS 

Noncultivated samples 

As the first step in determining some interrelations between percolation rates 
and pore sizes, the percentage of pores^ drained by a 40-cm. tension wms con- 
sidered, on the basis of the suggestion by Nelson and Baver (22) that pF — 1.6 
seemed to give the most satisfactory single key to percolation rates for labora- 
tory packed samples. All these percolation rates were determined downward 
through the samples with the blotting paper in place. No cultivated surface 
soils were included. 

The relation is shown in figure 3, both the percolation and the porosity being 
plotted logarithmically to give a straight line regression. The regression 
equation is F = 1.95 X~-L44, with a standard error of estimate of 0.523. 

^ Percentage of the total soil volume. 
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In order to test the extent to which an improved relation between percolation 

and pore size could be obtained by attaching greater significance to the coarser 

pores, a general porosity factor was adopted as follows : Porosity factor = % pores 

, . ,% pores drained between 10- and 40-cm. tensions, 

drained by a 10-cm. tension +■ ~ 

When different even values of N were used, the closest relation was found at 
W = 4, as measured by the standard error of estimate of the log of the percola- 
tion rate and log of the porosity factor from a straight line regression. The 
standard error for W = 2 was 0.473; for iV = 4, 0.461 ; for W = 6, 0.477. Figure 
4 shows the relation between log percolation and log porosity factor with AT = 4. 

As a further test of whether an improved relation could be obtained by con- 
sidering pores finer than those drained by a 40-cm. tension, attention was given 
to the pores from 40 to 100 cm. It was immediately obvious in considering 



LOG POROSITY FACTOR 

Pig. 5. Relation between Pbecolation Rates and a Poeosity Factoe Involving the 
PoEES Deained by A 100-Cm:. Tension, eoe Soil Samples Collected undee 
Peemanent Vegetation. Peecolation theough a Blotting Papee Membeane 
Porosity factor — % pores drained by a 10-cm. tension 
% drained between 10- and 40-cm. tension 

-i- _ 

% pores drained from 40- to 100-cm. tension 
10 

these that they must be given less weight than the pores from 10 to 40 cm., or 
the relation to percolation would lose accuracy. In order, therefore, to carry 
through approximately the same trend in effectiveness as that indicated for the 
coarser pores, the volume from 40 to 100 cm. was divided by 10 and this was 
added to the previous index, giving the porosity factor which will be referred to as 

4 

I % pores from 40 to 100 cm. 
10 

The relation, shown in figure 5 was an improvement, tfie standard error of 
estmate being 0.438 from the regression line Y = 1 .99X - 0.73. The main effect 
was in giving some additional spread to the points representing low porosity 
values and low percolation rates. 
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No attempt was made to determine mathernatically whether the, divisor of 
10 for the third term was the most nearly accurate value that could be used.. It 
was clear from, plotting the points that neither a divisor of 5 nor one of 20 gave 
as reliable a factor as the divisor of 10. The relatively small weight of the third 
term did not seem to justify further precision; in fact, Vvith a divisor as large as 
20 this term would be negligible in almost all cases, whereas even with the divisor 
of 10 its effect upon the medium or large porositj^ factors was very small, em- 
phasizing the relatively small absolute contribution of these pores to percola- 
tion. It is interesting to note in figure 4 that the trend of points suggests that a 
percolation rate of more than about 0.1 inch per hour would be very uncommon 
if there were no pores drained by a 40-cm. tension and in figure 5 that rates greater 
than 0.01 inch would hardly be expected from pores finer than those drainiiig at 
100 cm. In both of these graphs it should be considered that the horizontal 
scale reading of —1.0 corresponds to no pores drained, because, as mentioned, 

0.1 per cent represents the approximate limit of accui’ac}" for the measurements 
of the coarse pores, and therefore even the most impervious sample might have 
0.1 as a porosity factor. 

P.F. ^1, wdiich gives the closest relation to percolation rates, appears to * 
express approximately a pore-size effectiveness proportionate to the diameter of 
the pores. This could be expressed mathematically^’’ as D dx where I) is the 
pore diameter and x the percentage moisture, and its value would be given 
graphically by measuring the area beneath a curve relating these variables within 
the diameter range corresponding to the tensions from 1 to 100 cm. of vmtevJ 

It is not established that the first power of the diameter is an exact expression, 
but deviation very far from the first power in either direction gives definitely 
poorer relations to percolation for the varied samples studied, and any attempt 
to relate the pore-size effectiveness in terms of tension to powers of the diameter 
approaching 2 results in a very poor relation to percolation. Thus it seems that 
the viscosit}^ law relating viscous flow to the square of the diameter of capillary 
tubes^ does not hold insofar as soil pore size based on tensions is concerned. 
This adds interest to the relation between percolation rate and the diameter to 
the 1.5 power indicated for sand separates by Nelson and Baver (22). It could 
be interpreted as suggestive of a gradation of some sort, sand separates being 
more like the capillary tubes, and aggregated silts and claA^s less like tubes. 

As already mentioned, a number of percolation rates Avere measured by run- 
ning Avater through the samples from below, AAuth no membrane except a single 
layer of muslin Avhich had scarcely any influence on the Avater niOA^ement even 
for very rapid rates of floAv. This method has the advantage that it allows close 
observation of the reactions and behavior of each indiAidiial sample. This has 

® Any definite integral / 4>x dx can be interpreted as the area under the curve with 

''a 

equation 2/ — a: between the points 6 and a. 

1 cm. is given here instead of 0, because a tension of 0 could not be converted into a 
finite diameter. 

® Commonly known as Poiseuille^s law (7). 
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proved to be a great advantage because the functioning of flow channels such as 
root and worm holes could be readily observed and notes could be made as to 
whether certain portions of the samples were permitting most of the water 
movement. 

By means of such observations, the samples studied in this way were separated 
into a group with readily observable flow channels, and a group in which perco- 
lation appeared to be through the natural structural and textural units only. 
Figure 6 shows this classification of samples in relation to percolation rates and 
percentage of the total porosity drained by a 40-cm. tension. Percentage of the 
total porosity is shown here to afford a direct comparison with results of Nelson 
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Pig. 6. Bulation between Pekcolation Rate and Percentage of the Total Pobositt 
Drained by a 40-Cm:. Tension. Percolation Not Impeded by a Membrane 


and Baver (22). They suggested that this gave a better index to percolation 
than percentage porosity based on the total soil volume, but for these natural 
samples the result was about the same by both methods of calculation. Sands 
or sieved samples might be brought more in line with natural silts and clays by 
considering the total porosity instead of the total soil volume. 

This graph (fig, 6) is kept on an arithmetic scale instead of a logarithmic 
scale because the main interest is in the medium and rapid percolation rates. 
The range in the slow rates is similar to that of figure 3. If these percolation 
rates aie plotted against the same porosity factor as in figure 4 
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the relation is much improved. The observational separation of samples (fig. 
7) leaves a much smaller range of percolation rates within the zone designated 
as including samples with normal aggregation. The single sample shown as 
having trapped pores behaved very peculiarly, puffing up like a cake during 
wetting, and shrinking as it drained, releasing considerable water at a low ten- 
sion. Its behavior was therefore decidedly unusual, and the results recorded 
involved a distinct volume change that might justify discarding them altogether. 

Other samples studied by this means have fallen within the zone of trapped 
pores after they were kept moist in the laboratory for several weeks without 
toluene to prevent fungus growths. In these cases fungus growths were abun- 
dant, and it was clear that their mycelia were checking the free water flow. 



Fig. 7. Chaeactehization op Soils by Peecolation Kate and a Poeosity Factoe. 

Peecolation Not Impeded by a Membeane 

Other examples of definitely trapped pores would be expected among samples 
that are greatly influenced by worm or other small animal activity, when these 
holes become blocked. 

The grouping given in figure 7 helps to clarify the different conditions that are 
encountered, and it seems to assist in establishing somewhat of a norm for flow 
dominated by pores among natural structural and textural units. This norm 
provides a convenient reference for rating the continuity of soil pores. In fact, 
it is felt that the greatest practical value of percolation and moisture-tension 
measurements as laboratory methods lies not so much in using one to predict 
the other, but in using the two as a basis for characterizing the porosity of soil 
samples. The relationships shown in figures 4 and 5, as well as in figure 7, 
provide a basis for characterizing the samples, and the fact that in figure 7 
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the soils with normal aggregation show about the same relation between perco- 
lation and the porosity factor as the samples in figure 4, where percolation was 
through blotting paper, seems to support the belief that the main effect of the 
blotting paper is to neutralize continuous flow channels. 

At least two samples from figure 4 would fall definitely within the zone of 
trapped pores if transferred to figure 7 without any correction for the effect 
of the blotters, and three samples would fall in the zone of flow channels despite 
the effect of the blotters. The authors feel that these designations are correct 
in that they indicate a strong deviation of porosity effectiveness from that of the 
majority of samples. 

Cultivated samples 


Only a few soil samples from cultivated areas have been studied and these 
probably represent an unusual condition. They were collected in the early 
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Fig. S. Laboratory PERCOLATioisr through Natural, Cultivated Soil Cores Per- 
forated BY Earthworms in Relation to the Porosity Factor Involving Only 
THE Pores Drained by a 40-Cm. Tension (See Figure 4). Percolation through 
A Blotting Paper Membrane 


spring and were all thoroughly permeated by earthworms. Percolation rates 
determined without blotting paper membranes were extraordinarily high, rang- 
ing from about 10 to about 75 inches per hour. The rates were merely a reflec- 
tion of the number of earthworm channels. Some cores (3-inch diameter) had 
as many as 12 such worm holes through which freely flowing water could be 
observed. 

Wlien percolation rates were determined through these same samples using 

blotting paper membranes the results were entirely different. These values 

are plotted (fig. 8) against the porosity factor already discussed, not including 

XI xr- i . , % pores from 10 to 40 cm. 

the third term: P.F. « % pores to 10 cm. + — — — — — ^ The 


relation is not so close as for the sod profile samples, but it is better than the 
simple relation to the percentage of pores drained at 40 cm. When the actual 
values are compared with those in figure 7 it is evident that most of these samples 
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would fall within the zone designated as having trapped pores. If, on the other 
hand, the percolation rates determined mthout membranes were plotted, all of 
these samples would occur in the zone of flow channels, which is obviously a 
correct designation insofar as it goes. 

It is uncertain just how persistent earthworm channels are in the field or how 
their effect is to be evaluated, but the percolation and tension measurements in 
the laboratory seem suitable for their study. If man}^ of these channels are 
present there seems to be no chance for a close correlation between free-flowing 
percolation and any porosity factor. When a membrane is used there is a 
definite relation, however, and the designation of trapped pores by figure 7 is 
undoubtedly correct in that the channels when blocked by the membrane are less 
effective than equal volumes of coarse pores among natural aggregates. It would 
seem from the experience cited by Horton (13) that the free-flowing rate through 
earthworm channels would be only temporary, and that when, as he says, ^Hlieir 
perforations become filled with dust,’’ after a prolonged dry period, the infiltra- 
tion capacity may be abnormally low. This condition would seem to be more 
comparable to the flow through the blotting paper membrane in the laboratory, 
where, as indicated, the rates are abnormally low by the standard shown in 
figure 7. Thus the two designations, abnormally high for free flow and abnor- 
mally low for flow impeded by the membrane, seem not without some justifica- 
tion in fact. 


DISCUSSION 

It is clear that percolation rates determined through a blotting paper mem- 
brane are in some cases greatly different from unimpeded flow in the laboratory. 
This is obviously the case when continuous channels, such as worm or root 
holes are involved. In a number of tests with such samples, free-flowing perco- 
lation amounted to 25 or more inches per hour, whereas flow through the mem- 
brane ivas 2 inches or less The membrane is thin and pervious and it will per- 
mit rapid water movement, but only if the entire blotting paper surface is con- 
tributing. The effect of one or a very few continuous channels through the 
sample is largely neutralized. 

This immediately raises the question of the usefulness of a percolation meas- 
urement which arbitrarily affords a certain impediment to natural water flow. 
There are grounds for this objection, but as a basis for the comparison of mate- 
rials, this measurement seems to afford valuable information. In the first place, 
the membrane seems to have little or no influence upon flow rates that are natur- 
ally less than about 1 inch per hour (a medium rate), and little or no influence 
upon rapid rates up to more than 10 inches per hour, provided the percolation 
capacity of the soil sample is distributed over the entire sample cross section. 
Further, it seems that a fundamental weakness of free-flowing percolation in the 
laboratory as an index to water movement in the field results from the fact that 
root, worm, and other channels in the field usually function freely for only a 
limited distance, being blocked sooner or later by natural structural or textural 
units of soil. On this basis it appears not unlikely that percolation rates in the 
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laboratory with a porous membrane impeding the water flow, may prove to be 
better guides to field behavior than simple unimpeded flow. The order of 
magnitude of the values obtained suggests this. Free flow in the laboratory can 
easily amount to 25 or even 50 inches per hour when channels are present, 
whereas infiltration in the field seldom amounts to much more than one tenth 
that much (10, 11, 19, 21). The practical maximum of around 10 inches per 
hour through blotting paper is more in line with field results. 

The dominance of the coarse pores in accounting for water percolation through 
soils is clearly evident from this study, and the use of the volume of pores to 
pF = 1.6 as a single index to soil permeability as suggested by Nelson and Baver 
(22) seems appropriate for many purposes. The relation of this value to labora- 
tory percolation is good compared to most other single indexes, and as a routine 
measurement with some apparatus such as that of Learner and Shaw (15) the 
difference between many soil conditions can be clearly shoTO. The fact that 
with slow percolation rates the added factor invohdng percentage porosity from 
40 to 100 cm. gives a somewhat closer relation to percolation, does not detract 
from the usefulness of the single measurement at pF = 1.6, nor does the heavier 
weight attached to the coarsest pores in accounting for the more rapid rates. 
These measurements represent refinements that will prove useful under certain 
circumstances, and they help to clarify the general relation between percolation 
rate and the effective pore sizes of silt and clay soils. 

In this study, no special effort was made to remove all the air because the idea 
was to obtain results applicable to field conditions insofar as possible. It now 
appears that the influence of the air that was trapped by the techniques em- 
ployed is of considerable importance in explaining these results as well as in 
explaining similar behavior in the field. Indications have been reported (27) 
that trapped air tends to be concentrated in the tortuous intermediate soil 
pores, where it is neither expelled by sorption and tension nor flushed out by 
momentum. The contribution of the intermediate pores would, therefore, be 
largely a result of direct pore channels which would give rise to relatively rapid 
water movement. On the other hand, since most of the large pores were filled 
with water, their contribution would be the result of both direct and tortuous 
pore channels. They would, therefore, be less effective per unit relative to their 
diameter. 

Trapped air may not be the only factor involved in causing percolation to be 
related more closely to the diameter of the pores than to the diameter squared, 
but it appears to be one important factor and it would seem adequate to account 
for many of the results obtained. This applies, of course, only to comparisons 
of pores that are similar in nature. The deviations from the normal or average 
relation between percolation .and pore size, as already discussed, undoubtedly 
reflect real differences in pore continuity. A closer relation to any power of the 
effective pore diameter is to be expected only by limiting the comparisons to 
samples the pore spaces of which are more uniform in character^ 

Limited experience in studying soils wetted in a vacuum suggests that as a 
laboratory procedure, the removal of air may be desirable because it enables 
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closer duplication of results and prevents to a large extent the disruption of the 
physical state of the soil sample. The elimination of these difficulties is a great 
advantage in many cases, although the resulting interpretation of comparisons 
with field behavior becomes correspondingly less direct. Some of the differences 
in capillary behavior introduced by the removal of air have been shown by 
Oehler (23). 

From these studies, one other suggestion seems worthy of note. It concerns 
the sealing of soil surfaces in the field, which has been shovm to exert a great 
influence upon infiltration rates (9, 10). This phenomenon is difficult to du- 
plicate in the laboratory, and from consideration of Darcy^s law, it seems un- 
likely that a surface seal would account for extremely slow percolation rates 
because the thickness of the sealed layer is so small compared to the entire length 
of any soil column. But the operation of Darcy’s law requires the presence of a 
continuous column of water and does not take into account the influence of 
trapped air. It would seem, therefore, that the influence of a surface seal is 
more a case of sealing the air in than of sealing the water out. Some indications 
of the air pressure built up and the general behavior of trapped air in sand 
columns have been given by Free and Palmer (12). This type of behavior in 
the field would account for many slow percolation rates and would play a par- 
ticular role in the surface seal. A very thin layer of dense soil would, by the 
surface tension of the water, prevent the escape of air from coarser pores be- 
neath this dense layer. This would prevent the entrance of water or the es- 
tablishment of water columns which could function in accordance with Darcy’s 
law. This appears to explain laboratory behavior and it would be expected to 
operate equally well in the field. A very thin, dense soil layer seems to be essen- 
tially impervious in the laboratory only when it is in contact with air. 


SUMMARY 

Simple laboratory procedures for the determination of percolation rates of 
undisturbed soil samples are described. The rate of percolation of normally 
aggregated soils was not affected appreciably by direction of percolation or by 
the use of muslin or blotting paper membranes. Soils having worm holes or 
other continuous large flow channels showed extremely high rates of percolation 
when only a muslin membrane was used. In such cases the presence and 
behavior of these flow channels could be readily observed. The use of blotting 
paper membranes gave results with these samples that are believed to be more 
like field percolation rates. 

The effective pore-size distribution was measured by determining water re- 
moval at tensions of 10, 40, and 100 cm, of water, and the relationship to perco- 
lation rates was studied. The porosity factor used by Nelson and Baver (22) 
gave fairly satisfactory results, but a more accurate picture of the relationship 
was obtained by using a porosity factor as follows: % pores drained at 10 cm. 
% pores drained between 10 and 40 cm. 

4 

% pores drained between 40 and 100 cm. 
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Pores drained at tensions from 40 to 100 cm, make only very small 
absolute contributions to percolation and may be omitted from the factor except 
for soils having very slow rates. 

These results indicate that the water-filled pores contribute to percolation 
approximately in proportion to their diameters rather than to the square of their 
diameters as required by the law of viscous flow. Reasons for this appear to 
be associated with the trapping of soil air. 

Neither percolation rate nor pore-size distribution measurement alone is 
sufficient to characterize water movement in soils. The two determinations 
should be used to supplement each other in affording a picture of the momentary 
physical condition of a particular soil with respect to water movement. 
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INTRODUCTION AND LITERATURE REVIEW 

Montmoriilonite^ occurs rather generally in soils, but its occurrence there has 
been overlooked in many cases, or the amount present underestimated, because 
of inadequate control of conditions affecting its distinguishing crystal properties 
in x-ra^?’ diffraction analysis. It has been shown (1, 6, 11) that degree and uni- 
formity of hydration of montmorillonite markedly influence the character of the 
x-ray diffraction pattern produced. T^flien ail of the crystal plates are uniformly 
hydrated, for instance with two or three molecular layers of water within the 
interplate space, then a strong diffraction line will appear at a spacing somewhere 
between 14 and 18 A. If some of the crystal plates are insufficientl 5 ?’ hydrated, 
however, montmorillonite gives a diffraction line at 10 or 12 A. spacing (charac- 
teristic of hydrous mica), and a correspondingly weaker diffraction line at 14 to 
18 A. spacing, which is the line critical for identification (11) and estimation (6) 
of montmorillonite. 

For the estimation of montmorillonite in a soil clay containing a mixture of 
clay minerals, the objective must be, first, to prevent montmorillonite from pro- 
ducing a 10 A. diffraction line which would be confused with a similarly spaced 
line from hydrous mica, and second, to maximize the intensity of the (001) 
montmorillonite line at a spacing between 14 and 18 A. If this objective is 
attained then any 10 or 12 A. diffraction line found in the pattern can be correctly 
attributed to the hydrous mica or mica-like fraction. Moreover, the intensity 
of the (001) montmorillonite line, being then at a definite maximum, can be used 
to estimate quantitatively the amount of montmorillonite present in various 
samples, by visual or photometric comparison with intensities produced by 
synthetic mixtures of pure minerals (6, 7). 

^ Contribution from the department of soils, University of Wisconsin, Madison, Wis. 
Published with the permission of the director of the Wisconsin Agricultural Experiment 
Station. This paper includes portions of a thesis submitted by the senior author in partial 
fulfillment of the requirements for the degree of doctor of philosophy, University of Wis- 
consin. The work was supported in part by a grant from the Wisconsin Alumni Research 
Foundation. Appreciation is expressed to E. Truog for helpful suggestions given during 
the progress of the investigation. 

2 Research assistants in soils and assistant professor of soils, respectively. 

3 The terms “montmorillonite’’ and “hydrous mica” are, hereinafter, used to designate 

their respective mineral groups. For both, the term “(001) spacing” is used to refer to 
the total distance through one plate and one interplate space and diffraction line,” 

to refer to the first order diffraction line from this spacing. 
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It seemed reasonable to postulate that the aforementioned objective might be attained 
by adequate control of the degree of hydration of montmorillonite ; however, the wide 
variety of preparatory procedures in use for x-ray diffraction analysis of clays (2, 3, 4, 5, 8, 
13, 16) attests to the differences of opinion as to what constitutes adequate hydration con- 
trol. Studies in this laboratory (1, 6, 7, 11) have shown that the degree and the uniformity 
of hydration of montmorillonite are greatly influenced by three more or less independent 
factors; namely, (a) the nature of base saturation of the clay, (b) the physical condition of 
the sample powder engendered by the method of preparation and drying, and (c) the mois- 
ture content of the atmosphere with which the sample is allowed to come into equilibration 
prior to and during x-raying. The methods for x-ray diffraction analysis of clays described 
in the literature vary widely in their attention to these three factors: some methods pay 
little or no attention to them, whereas others recognize the importance of only one or two 
of them. 

Kelley, Dore, and Page (13) saturated three clays from alkali soils with calcium, and then 
obtained distinct 15 A. diffraction lines, in contrast to results with clays from other alkali 
soils which were allowed to remain with the original cation saturation. Kelley et al. (12) 
employed calcium saturation of clays representative of California soils and found weak, 
medium, or strong 15 A. lines from some of the clays, but not in several of the others. In 
their studies, the relative humidity was adjusted to 30 per cent (over 52 per cent H2SO4 by 
volume), which is rather too low for optimal hydration of montmorillonite. 

Nagelschmidt (15), worldng with 50 per cent relative humidity, noted an increase in the 
(001) montmorillonite spacing from 12 A. with potassium saturation to about 15 A. with 
calcium saturation. No advantage, however, appears to have been taken of the benefit 
of calcium saturation, since the procedure as outlined for the aggregate x-ray diffraction 
method (16) indicates that the clays were allowed to remain in their original cation satura- 
tion ; humidity control is not specified. Similarly, Clark, Grim, and Bradley (3) apparently 
did not change the original cation saturation in their procedure for x-ray diffraction analysis 
of clays and did not control the relative humidity. Favejee (4) adopted a standard humidi- 
fication at 44 per cent (over saturated KHCO3) but did not change the original cation- 
saturation. 

Maegdefrau and Hofmann (14) recognized the importance of relative humidity as influ- 
encing the (001) line of montmorillonite. They recognized the fact that montmorillonite 
gave an (002) line at a spacing of about 10 A. with humidities near 98 to 100 per cent, and also 
showed the importance of using a rather high relative humidity for avoidance of spacings 
of less than 14 to 15 A. Their work w^'as conducted wdth montmorillonite from bentonites. 
Montmorillonite from certain soils has been found (1, 6, 11) to be even more subject to de- 
creased spacing when exposed to a relative humidity of less than 50 per cent. 

Gieseking (5) saturated clays with large organic bases in order to intensify the 14 to 18A. 
line of montmorillonite. With clays given such treatment, the humidity conditions ap- 
peared not to affect the (001) spacing greatly, at least for montmorillonite from certain 
, bentonites. It has been shown (11), however, that for certain soil clays and argillaceous 
deposits, the saturation with large organic cations does not bring out the 14 to 18 A. line, 
whereas under the same (suitable) conditions of humidity, saturation with calcium did. 

The procedures of Hendricks eA al, (2, 8) also employ the original base saturation, and 
do not specify the relative humidity. Little or no montmorillonite was identified in the 
samples they examined. However, Hendricks, Nelson, and Alexander (9) have shown that 
the characteristic montmorillonite diffraction line is obtained over a wider range of relative 
humidity when calcium is used for cation-saturation than when sodium, potassium, hy- 
drogen, or certain other cations are used. Hendricks, in a personal conversation with the 
authors^, said that he believed the use of calcium saturation would be desirable in labora- 
tories where the relative humidity was low. 

In all the procedures enumerated above, the sample was dried from water or alcohol, 


^November, 1941. 
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and in consequence it was in a firm physical condition, difficult to hydrate. The relative 
humidity, when controlled at all, was usually held at from 30 to 50 per cent, whereas the 
optimal level (6) is in the neighborhood of 90 to 92 per cent. The procedure recently de- 
scribed by Jackson and Heilman (11) provides for saturation of the clay with calcium and 
drying of the clay from benzene. Calcium saturation of the clay results in relatively high 
and uniform hydration of the clay through the rather wide range of relative humidities 
commonly occurring in the laboratory. At the same time, the clay dried from benzene is 
an incoherent powder, which experience has shown equilibrates rapidly with atmospheric 
humidities to which samples may be exposed. This facility of hydration stands in sharp 
contrast to the difficulty of uniform hydration experienced with hard films and oriented 
film aggregates obtained by methods involving drjdng the clay from water or alcohol; the 
facility of uniform hydration was judged by the intensity of the 14 to IS A. diffraction line 
and the absence of a 10 A. line obtained with pure montmorillonite. When x-ra^Td, a 
variety of clays thus saturated with calcium and dried from benzene showed an intensified 
diffraction line for montmorillonite at about 15 A. spacing, and indicated the presence of 
more or less montmorillonite in soil clays generally. Some soil clays which earlier had 
been characterized as being principally hydrous mica were shown under these conditions of 
preparation to consist largely of montmorillonite (11). 

It lias been observed more recently that exposure of clay samples thus prepared 
to the laboratory atmosphere of varying relative liiimidities resulted in a varia- 
tion in the spacing and intensity of the (001) montmorillonite line (1, 6). In 
addition, a weak 10 A. montmorillonite line, either (001) or (002) depending on. 
whether the humidity of the laboratory atmosphere was vei\y low or very high, 
sometimes occurred in association with the (001) line at about 15 A. spacing (1, 
14). Tests involving controlled humidities of various levels showed that an 
intense (001) line at 16 A. spacing was produced consistently b}^ exposure of 
montmorillonite to air of 92 ± 1 per cent relative humidity for 12 to 15 hours 
prior to and during x-raying (6). This close control of the humidity, though 
easy to obtain in a static system such as that prevailing in a desiccator containing 
an appropriate solution, is more difficult to achieve in a dynamic system where 
ail’ is moving through the x-ray diffraction camera. To overcome this difficulty, 
an air humidifier suitable for close control of the humidity of moving air was 
developed and is described later in this paper. 

Despite apparent equilibration of the sample with air of 92 ± 1 per cent 
relative humidity, it was found that similarly prepared samples of moiitmoril- 
lonite sometimes showed a variation in the intensity of the 16 A. diffraction line ; 
occasional samples also showed a weak 10 A. line (6). These results indicated 
that the control of hydration of montmorillonite was still somewhat uncertain. 
Further study showed that more careful control of the hydration of montmoril- 
lonite prior to drying from benzene was necessary to ensure consistent diffraction 
patterns. In this paper, the experiments involved in the development of a suit- 
able procedure for clay hydration control in benzene suspension are described 
first, after which the details of the entire preparatory procedure finally adopted 
are given. 

CONTROLLED HYDRATION OF MONTMORILLONITE PRIOR TO DRYING 

In preparing clays for x-ray diffraction analysis according to the procedure of 
Jackson and Heilman (11), it is necessary to change the suspension medium of 
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the clay from water to benzene after completion of base-exchange saturation of 
the clay with calcium. Since water and benzene are immiscible, this change 
cannot be made until the water held by the clay has been replaced largely by a 
medium which is miscible with benzene and which can be removed from the clay 
with subsequent benzene washings. The water on the clay is therefore replaced 
by two 50-ml. washings with 70 per cent methanol followed by three 50-ml. 
washings with absolute methanol. Three 30-ml. washings with benzene suffice 
to replace the methanol. The clay is dried at this point. The transition from 
a water-wet clay to a benzene-wet clay is thus the last step in the procedure which 
can definitely affect the hydration level of the clay prior to drying. Depending 
upon how completely the methanol washings have replaced the water, varying 
quantities of water are left on the clay. The modifications in the procedure of 
Jackson and Heilman (11) proposed and described herewith provide for the 
controlled addition of minute but definite quantities of finely dispersed water to 
the clay suspended in benzene just prior to dr 3 dng. 

The montmorillonite used in the experiments to be described consisted of fine 
clay separated from a Wyoming bentonite from Upton, Wyoming® (W1021). 
This fine clay fraction (particles < 0.2 fx in diameter) was separated by means 
of a centrifuge procedure essentially as described by Truog et ah (18, 19) except 
that the hydrogen peroxide treatment and the sulfide treatment for iron removal 
were omitted. The fine clay was conditioned, Ca-saturated, and washed with 
methanol and benzene according to the procedure of Jackson and Heilman (11, 
p. 142), except that in certain tests ethyl alcohol of various concentrations was 
substituted for 99 per cent methanol just prior to the benzene washings. A 
stock suspension of the undried clay in methanol was made, and aliquots were 
then taken for the various tests. This same technique was employed in prepar- 
ing stock suspensions of hydrous mica, other montmorillonites, and the soil 
fine clays used in this investigation. 

Introduction of hydration ivater 

In a preliminary investigation, it was observed that the use as a washing 
medium for transition from water to benzene of a solution of 80 per cent ethanol 
and 20 per cent water by volume resulted occasionally in a clay preparation 
which dried to a fluffy, incoherent powder in contrast to the soft aggregates 
often obtained when absolute methanol was used as the transition medium. 
Upon x-raying, the incoherent powder gave a diffraction pattern showing a fairly 
intense 16 A. (001) line and little or no 10 A. line. This observation corro- 
borated a result previously obtained (11) when a desert soil fine clay wetted 
with CSs was dried; the CS 2 evaporated so rapidly as to cause considerable 
cooling and condensation of water on the clay, and the sample gave a greater 
intensity of the 16 A. (001) diffraction line than occurred after any other mode 
of preparation. These results suggested that small quantities of water should 
be added to the clay suspended in benzene just prior to drying. 

® Obtained as “BC ¥olclay' ’ from the American Colloid Co., 363 W. Superior St., Chi- 

■■ cagOjTlL'^':' ■ ■ ■ ■ ■ 
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Direct addition of this water to the benzene suspension of day was imprac- 
iica.]>le because of the small quantity of water needed, and the impossibility of 
disseminating it throughout the suspension so that it would be taken up uni- 
formly by the clay. Tests were made of the possibility of hydrating the day 
by washing it repeatedly with a ternary solution consisting of water in true 
solution in benzene and ethanol. The solution in each test was saturated with 
respect to water. Clay washed with such ternary solutions in which only a small 
amount of water and ethanol were dissolved dried as the soft aggregates, indi- 
cating insufficient hydration. Clay washed with ternary solutions in which 
more water and, of necessity, more ethanol were dissolved, became solvated with 
both water and ethanol and dried to hard films, the beneficial effects of drying 
from nonpolar benzene being lost. It thus appeared that to obtain the inco- 
herent cla}^ powder characteristic of properly hydrated clay, the water must be 
sorbed as a separate phase by the clay while suspended in benzene. Such a 
condition could be obtained by expulsion of a water phase from an ethanol- 
water solution added to benezene in which the gIslj was suspended. 

Accordingly, tests were made in which a series of solutions consisting of various 
percentages of water in ethanol were added to a series of clay suspensions each 
consisting of 50 mgm. of montmorillonite fine clay in 50 ml. benzene. It was 
found that the samples dried to the incoherent, powdery physical condition which 
is associated with the intense 16 A. (001) diffraction line of montmorillonite only 
when 1-ml. portions of ethanol-water solutions containing 7 to 8 per cent by 
volume of water had been added. These results were corroborated by the 
addition of varying amounts of an ethanol solution containing 8 per cent 'water 
by volume to a second series of suspensions. Only those suspensions receiving 
0.9 to 1.1 ml. of the ethanol solution produced a powdery condition of the dried 
clay. 

Sometimes the dried sample thus prepared was found to contain hard pellets, 
whereas the bulk of the clay remained in the incoherent powdery condition 
suitable for x-ray diffraction analysis. The formation of pellets was attributed 
to an excessive Avetting of a part of the sample which collected in the droplets 
of Avater formed at the interface betAA^een the added ethanol-Avater solution and 
the benzene suspension. Upon drying, this excessiA^ely Avetted clay formed hard 
pellets. To avoid this difficulty, a method Av^as developed for introducing the 
required Avater into the clay by means of a ternary solution of benzene, ethanol, 
and Avater, AAdiich Avas near saturation Avith respect to AA\ater. The clay AA^as 
thoroughly dispersed in this solution and then benzene was added so as to loAA^er 
its solvent poAver for Avater and thus set free from solution just enough finely 
disseminated Avater to hydrate the clay properly. This method gave the clay 
a uniformly satisfactory physical condition and hydration. 

Measurement of hydration water transferred to clay from ternary solution 

A satisfactory method for uniformly hydrating the clay AAffiile suspended in a 
ternary solution consisting largely of benzene AAith small amounts of ethanol 
and water thus being at hand, there remained the problem of determining the 
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quantity of water required to hydrate the clay properly. It is possible to measure 
the quantity of water transferred to the clay by determining the difference be- 
tween the original quantity of water in the ternary solution and the amount 
remaining therein at the conclusion of the hydration process. 

The amount of water present in solution at the saturation point in the ternary 
suspension medium is given for a series of possible ethanol and benzene contents 
by the curves in figure 1. For benzene-ethanol ratios up to 25 : 1, the curves are 
based on the first appearance of the cloudy point when benzene is added to 
ethanol-water solutions; and for benzene-ethanol ratios richer in benzene than 
25:1, by the appearance of a cloudy point when water is added to a benzene- 
ethanol solution. The change in procedure above the 25:1 ratio is necessary 
because the water capacity of the system begins to increase rather than decrease 
with the addition of benzene at benzene-ethanol ratios much higher than 25:1. 
These data were calculated over to the basis of quantities of water and benzene 



Fig. 1. Solubility of Wateb in Benzene-Ethanol Solution as the Phopoetions of 

Benzene and Ethanol Vaey 

held in solution by 1 ml. of ethanol, and the points thus obtained were plotted 
on the curve labeled “1.0 ml. ethanol present” (fig. 1). The curve for “0.2 ml. 
ethanol present” was derived by simple proportion from the 1.0 ml. ethanol 
curve, since all quantities involved would be one fifth as great. The other curves 
in figure 1 were established similarly. One datum point was placed on the 0.2 
ml. cui've since it established the increased solubility of water in systems with 
high benzene-ethanol ratios, but if plotted on the 1 ml. curve its position would 
be beyond the graph. These curves were cheeked with data calculated from 
Seidell (17, p. 1093) and the International Critical Tables (10, p. 404) and were 
found in general agreement. Sufficient variation existed, however, between 
these curves and those based on data given in the literature as well as those 
derived by using different sources of benzene, to make it advisable to characterize 
each lot of benzene before use. 

As an illustration of the use of the curves in figure 1, line CD represents the 
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anioimt of w'atxM' ex|)elle(i from a tciTiar\' system contaiuiiig 1.0 ml. of ("tliaool 
and 0.(H)75 ml. of w ater upon the addition of 18 ml. of l)(*i]zone. [before addil ion 
of tlie l)e!iz{ni(\ tfu' 1 .tl ml. of etiianol (.'oiitaiiis 0,0075 ml. of watm; as represcailt'd 
l)y |}oint .1 : as henzeiK' is added, all of the water remains in solution to poini /t 
(11 ml. of henzexie pr('-sent). As more fxsnzene is added, water is expr*ih‘d, and 
the (M:)i!i|a:);udi()n of tlic ternary' suspension medium follo^\•s along tlie eiuaa^ i’rom 
B to /}. At tlie |)oint Z) (18 ml. of l)eiizene present), 0.0530 ml. of \\'alfa‘ rcanains 
dissol\'(Hl. as (‘(impared to tlie initial 0. 01)75 mi, dissol\’ed. The dilTei’eiice, 
reprf‘S(-nt(‘-d hy line CD (0.0145 ml.), is the w'ater expelled from solution as a 
se(*oiid p]ias(‘ wiiicli liecomes sorbed on the (*la\'. Ex|)ulsiori of water in this 
manner ran 'he eonti'olled to \\;ithin O.OOl ml. !)y control of henzene addition to 
within 0.1 ml, 

TABLE 1 


Influence of degree of hydrolion of monimorillonite on its physical condilion after drying* 


AMOUNTS OF THRKF. LIQUIDS CfjNTAINED 
IN THE SUSPENSION MRDIl.’M 
CONTAINING (1.052 GM. 0\ KN-DRY 
Ml'iXTMoRILLf^MTE 

WATER TRANSFERRED TO 
MONTMOK I LL< ) NIT E ON 
ADDING Di'NZEXE 

PlIVSiCA-L CONDITION OF DRIED M'ONTMORIL- 
LONTTE SAMPLES 

Walter 

Ethanol 

Benzene 

Per sample 

Percentage 
of oven-dry 
sample 

ml. 

ml. 

ml. 

ml. 



.10 

.90 

8 

0.03S 

73 

Hard films 

.09 

.91 

9 

0.034 

65 

1 Httrd films 

.08 

.92 

11 

0.02S 

54 

1 Soft, incoherent powder 

.08 

.93 

25 

0.023 

44 

1 Soft, incoherent powder 

.06 

.94 

31 

0.016 

31 

Soft aggregates 

.05 

.95 

53 

1 0.008 

15 

1 Soft aggregates 

.04 

.96 

53 

! 0.000 

j 

0 

1 Soft aggregates 


* The montmorillonite was suspended in ;i hcMizcne-tdliannl-walca' solution, hydrtitetl hy 
adding benzene so as to provide free water, and tlien dried after deeanlatiou the super- 
natant liquid. 


Quantity of water required for proper hydration of monimorilloniie 

To determine the quantity of water needed for the })roper degree of hydration 
of montmorillonite, Axirying amounts of u^ater wovo transferred to a series of 
0.052-gm, samples of benzene-wetted clay in accordance witli the procedure just 
described. The proportions of the liquids were adjusted in accordance with the 
curves in figure 1 so as to vary the quantities of \vater set free for sorption b}^ the 
clay. These quantities and the physical condition of the corresponding samples 
thus prepared are reported in table 1. It w’as found that onh^ those samples 
hydrated to 44 and 54 per cent of their oven-dry weights dried to a satisfactory 
physical condition. Tliese samples gave x-ray diffraction patterns in which the 
lines w’ere sharply defined and the intensity of the 16 A. (OOl) line for mont- 
morilloiiite wuxs maximized (fig. 2, 1). The samples w:ith a low'er d{‘gro(‘ of hydra- 
tion resembled preparations dried from anhydrous benzene, wIkmtxis tliose with 
excessive hydration resembled preparations dried from waiter. Similarly, the 



222 


D. G. ALDRICH, N. N. HELLMAN, AND M. L. JACKSON 


X-ray diffraction patterns of samples involving low hydration resembled those 
given by preparations dried from anhydrous benzene (fig. 2, II), and patterns 
of samples involving excessive hydration resembled those given by preparations 
dried from water (fig. 2, III). Thus, with either excessive or deficient hydration 
of the montmorillonite, a 10 A. line appeared, and a loss in intensity of the 16 A. 
line occurred. 

In further tests, the benzene-ethanol ratio of the hydrating medium was kept 
constant (as was later shown to be necessary), and the quantity of water was 
varied. Results with montmorillonite fine clay separated from various ben- 
tonites and with montmorillonite bearing fine clays from the soils Miami B 2 
(Wis.) and Spencer B 2 (Wis.) and, for comparison, with a hydrous mica clay 
sample (W1016, from the Goose Lake area) led to the conclusion that hydration 

I 

(1309) 


II 

(1091) 


III 
(1092) 

Fig. 2. Influence op Preparatory Procedure on X-Ray Diffraction Patterns 

OF Montmorillonite 

The samples were taken from the same Ca-saturated stock, and x-rayed at 92 percent 
relative humidity. 

I. Hydrated and dried according to controlled hydration procedure adopted. 

II. Dried from anhydrous benzene at 40 per cent relative humidity (inadequately hy- 
drated). 

III. Dried from water (inadequately hydrated). 

to the extent of 50 per cent of the dry weight of clay was optimal. The clay 
thus hydrated dries to an incoherent powder, somewhat softer than that dried 
from benzene alone. The advantages of drying from a liquid of low polarity are 
thus retained, and there is gained the improvement resulting from the addition 
of small quantities of water. Experience has shown that a sample in the in- 
coherent physical condition readily reaches equilibrium with any desired humid- 
ity, and it is this result possibly as much as the actual hydration prior to drying 
which accounts for the marked advantage of the ternary solution procedure. 

Permissible ethanol content of ternary suspension medium 

A certain quantity of ethanol remains dissolved in the water set free from the 
ternary solution in which the clay is suspended during the hydration procedure. 
Small changes in the ethanol content of the suspension medium result in consid- 
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erable changes in the ethanol content of this water-ethanol phase which is set 
free and sorbed by the clay. Since preliminary tests had shown that clay 
samples which had sorbed too much ethanol dried to a poor ph\?-sical condition, 
a series of tests were made to determine the maximum permissible ethanol content 
of the ternary solution. 

To each of several samples of montmorillonite suspended in the ternary solu- 
tion containing varying amounts of ethanol, identical weights of water were 
transferred by adding appropriate quantities of benzene. The hydrated samples 
were allowed to dry and then were x-rayed in an atmosphere of 92 per cent 
relative humidity. It was found with a final ethanol content of 4 per cent by 
volume at the conclusion of the hydration process that the 16 A. diffraction line 
was at a maximum and the 10 A. diffraction line (coincident with that of mica) 
was absent. As the final ethanol content of the ternary solution was increased 
stepwise from 4 to 16 per cent, the corresponding montmorillonite samples dried 
to increasingly harder aggregates which on x-raying gave 16 A. (001) lines of 
decreasing intensities in association with 10 A. (001) lines of increasing intensity. 
In order to avoid a possible misinterpretation as regards the presence and content 
of mica in clay samples on the basis of the appearance and intensity of the 10 A. 
(001) line, it was concluded that the final ethanol content of the clay ternary 
suspension medium on completion of the hydration process should not exceed 
4 per cent by volume. In the procedure adopted, a final benzene-ethanol ratio 
of 30: 1 was chovsen, giving a concentration of 3.3 per cent ethanol. Final ratios 
of benzene to ethanol as high as 50:1 (2 per cent ethanol) or even higher have 
been found to be satisfactory; however, water transfer, begun at the 11:1 ratio, 
continues on addition of benzene to the ternary solution only to a ratio of about 
30:1, and then ceases, as shown in figure 1 by the slight rise in the curves to the 
right of 30 : 1 benzene-ethanol ratios. 

Removal of supernatant liquid from the clay suspension 

The hydration level, now carefully established, must be maintained during 
removal of the benzene by drying of the clay. It is evident that the more rapid 
evaporation of benzene in comparison with that of the other constituents of the 
tenary solution during the drying of the hydrated clay is equivalent to a reversal 
of the benzene addition (fig. 1) and causes an increase in the solubility of water 
in the remaining ternary solution. This evaporation therefore results in the 
passage of water from the clay back to the remaining solution. In order to 
prevent this partial dehj^'dration of the sample during drying, as much as possible 
of the supernatant liquid is decanted from the flocculated clay prior to drying, 
thereby decreasing to within safe limits, the quantity of water which might thus 
be removed from the clay. The moisture content of a number of clay samples 
dried after decantation of the supernatant liquid was found to be somewhat 
higher than that of similar samples dried wdthout this decantation (table 2). 
This fact is of importance, since any procedure which allows a reduction in the 
moisture content of the sample once it has become properly hydrated works at 
cross purposes to the main objective. As an additional advantage, decantation 
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of the supernatant liquid reduces the drying time from 3 hours to approximately 
5 minutes. 

PEOCEDURE FOR CONTROLLED HYDRATION OF CLAY SAMPLES PRIOR TO AND DURING 

X-RAYING 

Details of the procedure for controlled hydration of clay prior to drying, as 
adopted on the basis of the tests just described, follow, together with a description 
of methods and apparatus for controlled humidification of the clay powder prior 
to and during x-raying. 


TABLE 2 

Effect of decantation of the supernatant ternary suspending and hydrating solution from 
clays on their moisture content after drying in a tray at S0°C. and 65 per cent relative 

humidity for 24 hours 


The mdisture content was determined by weighing before and after drying at llO^C. 


SOtJRCE OF PINE CLAY 

DISPOSAL OP 
SUPEKNATANX LIQUID 
PBJOX TO DEVING 

WEIGHT OP SAMPLE 
USED POE MOISTURE 
DETERMINATION 

(llO-’C.) 

WATER LOSS BETWEEN 
( 30 AND HOT. 

i 



gm. 

gm. is ample 

per cent 

Spencer (Colby) silt loam, B2 

Decanted 

.0347 

0.0079 

22.7 

(Central Wis.) 

Not decanted 

.0337 

0.0049 

14.5 

Miami silt loam, B2 (Southern 

Decanted 

.0278 

0.0032 

11.5 

Wis.) 

Not decanted 

.0385 

i 0.0041 

10.6 

Parr (Carrington) silt loam, B2 

Decanted 

.0043 

0.0055 

11.6 

(Southern Wis.) 

Not decanted 

.0086 

0.0008 

9.3 

i 

Bentonite (WlOlO) (Eastern 

Decanted 

.0260 

0.0064 

24.6 

Wyo.) ! 

Not decanted 

.0347 ! 

0.0083 

23.9 

Bentonite (W1021) (Upton, 

Decanted 

.0217 

0.0025 

11.5 

Wyo.) 

Not decanted 

.0232 

0.0020 

8.6 

Hydrous mica (W1016)* (Goose 

Decanted 

.0195 

0.0018 

9.2 

Lake Area, 111.) 

Not decanted 

.0241 

0.0017 

7.0 


* Clay kindly supplied by R. E. Grim, Illinois State Geological Survey, Urbana, 111. 


Hydration of suspended clay in ternary solution 

Fine clay is conditioned according to the procedure of Jackson and Heilman 
(11, p* 142) up to and including base-exchange saturation with calcium, and 
washing with methanol to remove soluble salts. An aliquot of about 0.3 gm. of 
clay is then washed three additional times with 50-mL portions of absolute 
methanol to free it rather completely of water. Sufficient methanol is next 
added to this sample to form a suspension of convenient concentration for 
pipetting 50-mgm. aliquots of clay for diffraction analysis. This 50-mgm. sub- 
sample, usually taken with a Mohr pipette, is placed in a centrifuge tube, and 
’washed once again, with 30 ml. of absolute methanol to provide a sample as free 
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as possible of water. The sample is next washed three times with 30-mL por- 
tions of benzene to free it of methanol. 

Addition of ternary solution. To the 50-mgm. benzene-wetted sample remain- 
ing in the bottom of the tube and from wliich the supernatant benzene has been 
decanted, there is now added 10 ml. of a ternary solution made up as follows: 
Exactly 20 ml. of absolute ethanol and 1.35 ml. of water are added to a 200-mL 
volumetric flask. Benzene is then added to give a volume of approximately 195 
ml. and the mixture shaken and warmed to 25°C., after which benzene is added 
to bring the volume to 200 mi. 

Addition of benzene. The centrifuge tube containing the clay and 10 ml. of 
ternary solution is stoppered and vigorously shaken so as to disperse the clay 
thoroughly in the solution, after which the stopper is removed and 21 ml. of 
benzene is added to the tube from a burette. The tube is again stoppered and 
shaken vigorously. The addition of this amount of benzene sets free an amount 
of water from the ternary solution equal to approximately 50 per cent of the dry 
weight of the cla3^, gives a ratio of benzene to ethanol in the tube of approxi- 
mately 30 to 1 (relationships based on figure 1). If samples smaller than 50 
mgm. are taken, proportionately less ternary solution and benzene are used (mb 
of ternary solution needed = 0.2 X sample weight in mgm.; ml. benzene needed 
= 2.1 X ml. ternary solution used). 

Drying the samyle. The clay is next allowed to settle in the tube, after which 
most of the supernatant liquid is decanted. The clay and remaining liquid are 
now poured into the center of an 8- by 10- inch photographic developing tray, 
the inside® bottom of which is slightly convex so that the supernatant liquid 
drains to the edges of the tray and mtxy be decanted, leaving the clay deposited 
in the form of large fioccules in the central area of the tray. The tray is imme- 
diately placed in a chamber regulated at 65 per cent relative humidity and 30°C., 
and the clay allowed to dry. Drying the clay in this manner prevents condensa- 
tion of moisture on the tray from the atmosphere caused by the rapid cooling of the 
tray on evaporation of the benzene, and at the same time maintains the relative 
humidity at a sufficiently high level to prevent excessive dehydration of the 
sample during drying. This procedure was found to be the most effective for 
obtaining the incoherent powdery condition of the sample needed to assure 
uniform hydration of the individual crj^stal lattice plates during subsequent 
humidification at any chosen air humidity. Drying at 30°C. occurs within 5 
minutes, after which the clay is immediately brushed from the traj?- into a small 
vial, which is then tightly stoppered. For maximum intensity of the mont- 
morillonite pattern, not more than 24 hours should elapse from the time of 
drying the clay sample to the time when it is subjected to humidification. 

Humidification of clay powder for x-raying 

Preliminary humidification. A weighed portion of the clay sample is now 
pressed by means of two glass slides into the notch of the 90° wedge mount of 
the x-ray camera, thus giving constant volume-weight of the clay to be x-rayed, 
as discussed elsewhere (7). The clay in the mount is then humidified by placing 
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it for 12 to 15 hours in a desiccator in which a relative humidity of 92 per cent is 
maintained by a saturated solution of Na 2 S 04 • lOHgO. 

Humidification during x-raying. An atmosphere of 92 per cent relative 
humidity is also maintained about the sample while it is being x-rayed. Air of 
92 per cent relative humidity, obtained from a specially designed humidifier 
(fig. 3), is passed through the camera at the rate of 6 liters per minute. The 
circular diffraction camera is enclosed with brass side plates, each provided with 



openings so located at diagonally opposite positions as to ensure maximum 
circulation of air. 

In the air humidifier, the stream of air enters at A (fig. 3) and becomes inti- 
mately mixed with water aspirated from the jet at B. The humidified air then 
passes to the trap C, which catches any water in the form of a mist, and is thence 
led through the humidometer and to the x-ray diffraction camera. The sweep 
of air past the jet B causes water to circulate continuously from the supply in 
the bottom of the flask through the jet. Here the water is broken up into a fine 
mist and intimately mixed with the air, causing full saturation of the air. 
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]\Iaiiiteiuiii(*e of 1*00111 tein])erMture throiiglioiit tlie iiiiniidifying luiit wtiiilcl 
reisiiit in iieai-ly 100 |;)er cent relative humidit'y. liotli water and air, laiWio'er, 
are (ajoied as miieti as liy tlie vaporization of water and tlie adiaOatie ex- 
|)aiisioii of ail* 00 lea\'ing tlie capillary lielow jet B. Tills ternperat urr‘ dro|) 
resiiits in the aii* lieing saturated with water at a lower ti'iiiperat ure, Sul )S(m |iKuil 
warming of tiie air to room temperature, in passing througli the hnmidnmmta* 
and the x-ray ditfraction camera, causes a dro]) in the relaliw^ humiditA' tu as 
low as 75 per cent. Control of the tempei*atiire of the watca* in the humidifier 
flask, howe\"er, |)ei'mits the selection of a suitalile temperature* dihVoaUial h(‘- 
tween the humidifier and tlie x-ray diffraction camera. Tlie t(*mpc‘rat uk* diff(a’- 
eiitial is satisfactorily estimated by the difference in temperature* registt^renl by 
the thermometer inserted in the air stream in the humidifier and the* dry bull) 
thermometer of the humidometer (fig. 3). It was found possible* to maintain any 
desired relati\m humidit\" between 75 and 100 per cent witli water in the humidi- 
fier. Sul^stitution of sulfuric acid solutions of appropriate concentration in the 
humidifier was found to facilitate selection of lower reiati\'e liumidities when 
desired. The temperature control is obtained hy |)la(*ing tlie iiumidifie!* on a 
heater constructed fi*ora a metal can and a fiO-watt electric liglit bulb (fig. 3). 
A (iOO-ohm variable I'esistance placed in sei*ies with the light liull) provides suit- 
able variation in heating. 

The humidometer consists of a three-neck Woulff bottle fitted witli wet Imll) 
and dry bulb thermometers for relative humidity measurement. In pi*eliminary 
trials, when a U-tube was employed to support the wet and dry bulb tlierniom- 
eters, the passage of the air from the constricted sid(*arm into tlie v\’id(*r I’-tube 
resulted in cooling of the air due to adiabatic expansion. Tlris cooling i*esulted 
in occasional condensation of water on the dry bulb, thus iruTilidating relative 
humidity readings based on wet bidb and dry bulb tern |)ei'atu res. Tlie pro\'ision 
of a tube of comparatively large diameter leading into the liottle togetlier with 
a bottle of ample capacity minimizes the expansion and cooling of tlie air. Aii* 
of 92 ± 1 per cent relative humidity can be ])roduced at dr>'-bull) tem|)e]*atures 
ranging from 22 to 2S°C. by heating the humidifier sufficiently to maintain a 
temperature differential of 1.0°C. between the wet and the dr;v l)ulb. 

APPLICATION OF CONTROLLED HYDRATION TO X-RAY ANAIA'SIS OF SOIL CLAYS 

The addition to the original procedure (11), of provisions needed to ensure a 
proper degree and uniformity of hydration of inontrnorillonite, has brought about 
marked increases in the intensit}^ of the (001) line characteristic of montrnoril- 
lonite in diffraction pattei*ns of clays containing mixtures of mcintmorillonite w ith 
other clay minerals. For example, the diffraction patterns of certain fine clays 
high in montmorillonite from the B 2 horizons of IMiami silt loam from Dane 
County, Wisconsin, and Parr (Carrington) silt loam from Columbia County, 
Wisconsin, show a marked intensification of the (001) mcintmorillonite line 
compared to those obtained when hydration w^as controlk‘d only liy (Ai-satura- 
tion and drying from benzene (fig. 4). For comparison, tlie [loor definition of 
difi‘raction lines resulting from drying the clay from w'atei* as op|)osed to lienzene 




mi 




AND M. L. JACKSON 


D. G. ALDRICH, N. N. HELLMAN 


Miami silt loam, B 2 horizon. Clay high in montmorillonite; marked increase in 
line intensity in I. jjj § 


Parr (Carrington) silt loam, B 2 horizon. Clay medium-high in montmorillonite; marked 
increase in (001) line intensity in L 


Hagerstown soil, Bo horizon. Clay medium-low in montmorillonite; very marked in- 
crease in (001) line intensity in I. 


Fullerton soil, B 2 horizon. Clay low in montmorillonite; distinct (001) montmorillonite 
line in I, and little or none in II. 

Fig. 4. Influence of Degree and Uniformity of Hydration op Clays on the Resultant 
X-RAY Diffraction Patterns, Particularly the (001) Line of Mont- 
morillonite, Indicated by the Black Dots 
The samples were fine clays from the soils indicated, and were calcium-saturated prior 
to drying. The change in type of beam stop from I to II is inconsequential. In prepara- 
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is illustrated in figure 4, pattern 110 (Miami silt loam). All three Miami samples 
were calcium-saturated, and the differences resulted from use of different drying 
mediums and from differences in the degree and uniformity of hydration. In 
certain fine clays which are lower in montmorillonite, for example, in those from 
the B 2 horizon of Hagerstown soil® from St. Francis County, Mo., and from the 
B 2 horizon of Fullerton soil*^ from Cherokee County, Ala., the (001) line is clearly 
brought out by proper control of the hydration, but is very weak or absent in 
patterns obtained when hydration is not adequate!}^ controlled (fig. 4). 

The effectiveness of the controlled hydration procedure V'as fiirther dem- 
onstrated when applied in studies of synthetic mixtures of montmorillonite and 
hydrous mica (6). X-ray diffraction patterns of a number of synthetic mont- 
morillonite-hydrous mica mixtures were prepared to provide a basis for quan- 
titative estimation of montmorillonite and h 3 ^drous mica in soil fine cla^^s. A 
16 A. montmorillonite line appeared in diffraction patterns of samples containing 
as low as 5 per cent montmorillonite mixed with 95 per cent hjvlroiis mica. 

SUMMARY 

To differentiate montmorillonite from hj^drous mica and make posvsible the 
quantitative estimation of these minerals in clay samples b}" means of the x-ray 
diffraction procedure, it is necessary to control the degree of Inalration of mont- 
morillonite more closel}’' than previously was thought necessai\y. Too high or 
too low hydration of montmorillonite results in diffraction lines at 10 or 12 A. 
spacing, that is, in the position of characteristic h^^drous mica lines. Obviously, 
it is necessary to avoid the formation of these lines by montmorillonite if the 
presence and the amount of montmorillonite and h^^'drous mica in clay are to be 
judged by their characteristic lines. A procedure for attaining the required 
hydration control has been developed, the essential features of which follow: 

Fine clay (particles less than 0.2 jix in diameter), conditioned and saturated 
with calcium according to a procedure described in a previous paper, is suspended 
in a ternary solution of benzene, ethanol, and water, the composition of which 
is such as to provide true solution but near-saturation with respect to water. 
Benzene is added to the suspension, resulting in setting free a water-rich second 

tion of the figures from the x-ray diffraction films, the central area of the pattern was il- 
luminated more strongly than the remainder of the pattern so as to produce in the print the 
contrast observed in the film. Numbers in parentheses refer to x-ray diffraction pattern 
numbers. 

I. Hydration controlled at optimal by procedure described, involving hydration prior 
to drying from ternary solution (largely benzene) and humidification at 92 per cent relative 
humidity. 

II. Hydration partly controlled by drying from benzene and humidification by exposure 
to laboratory atmosphere. 

III. Hydration low and nonuniform, resulting from drying the sample from water and 
f orming oriented fiakes or aggregates which resist satisfactory humidification. The results 
shown for Miami soil are representative of this treatment for other soil clays, patterns for 
which are not reproduced here. 


8 Soil samples C1486 and C109, respectively, kindly supplied by S. B. Hendricks, of the 
U. S* Bepartment of Agriculture. 
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phase in finely divided form throughout the suspension so that it is sorbed uni- 
formly by all of the clay. The amount and composition of the ternary solution 
in which the clay is suspended, and the amount of benzene later added, are 
suitably adjusted so as to expel the required quantity of water (50 per cent of the 
dry weight of the clay) and still maintain a suspension medium which is largely 
benzene. Most of the supernatant liquid is decanted, and the clay dried under 
controlled conditions (SO'^C. and 65 per cent relative humidity). 

The clay thus treated dries to an incoherent powder, somewhat softer than that 
resulting from drying the clay from anhydrous benzene. The advantages of 
drying from a liquid of low polarity are thus retained and improved upon, even 
though small quantities of water have been added. Experience has shown 
that the sample in the incoherent physical condition readily reaches equilibrium 
at any desired relative humidity, A portion of the dried clay is mounted in the 
receptacle so as to give a definite volumewveight for x-raying, and then is humidi- 
fied for about 15 hours in a desiccator maintained at 92 per cent relative humidity 
and later x-rayed at this humidity. Special equipment for this humidification is 
described. It was found that a maximum intensity of the characteristic 16 A, 
(001) diffraction line of montmorillonite is produced by this procedure. Diffrac- 
tion patterns of a number of representative soil clays show clearly defined mont- 
morillonite lines, even in the diffraction patterns of clays made up largely of 
hydrous mica and kaolinite. 
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The importance of that fraction of the soil which is designated by the term 
‘^colloids” has been pointed out in a previous paper (1), in which a review of some 
of the theories on the formation, structure, and behavior of the soil colloidal 
complex was presented. During recent years, a great deal of research work on 
this continent has been directed toward a study of the crystalline structure of 
the inorganic soil colloids or colloidal clay. In the study of soil colloids and of 
their relationship to the problems of soil fertility, however, the important part 
played by the organic fraction of the colloidal complex cannot be overlooked. 

Mattson (2) has pointed out that “the interaction of the various forms of 
organic matter with the mineral complex is an important problem which deserves 
a thorough investigation.” The need for further work in this direction has been 
emphasized by Tyulin (5), who has proposed a method for separating from the 
soil what are termed “organo-mineral gels,” a term used to indicate the peculiar 
chemical composition of soil colloids. This method appears to offer a somewhat 
different approach to a number of problems involving soil colloids, but a I'eview 
of the literature reveals that very little work has been done toward applying the 
method to a study of the soils of this continent. 

By the use of this method, it can be shown that different groups of colloids do 
actually exist in the soil, and the means of bringing about their separation are 
such that any changes in the colloids themselves will not be great, since no drastic 
chemical reactions are involved. According to Tyulin, the soil colloids can be 
classified into two groups, which he called “electronegative colloids” and “iso- 
electric colloids.” He separated the electronegative colloids, referred to as 
“group 1,” by fractional peptization. After saturation with sodium, they were 
dispersed in distilled water and thus isolated from the soil. The second group, 
which Tyulin termed “isoelectric” but wiiich may be weakly electronegative, 
were separated by dissolutive peptization. The soil residue, after removal of 
group 1 colloids, was treated with 0.004 N NaOH, 'which removed part of group 
2 (w^hich may be termed “group 2a”). The remainder of this group was not 
peptized until the soil residue, after separation of group 2a, had the mobile 
sesquioxides eliminated by treatment with weak hydrochloric acid. Then the 
second part, termed “group 2b,” was peptized in -weak alkali. 

Tyulin carried the fractionation of groups 1 and 2a still further. Treatment 
of the colloidal suspension, made alkaline to pH 8.5, with KCl caused a precipi- 
tation of much of the material, but considerable organic matter— that fraction 

1 Scientific contribution No. 105 from the Division of Chemistry, Science Service, Domin- 
ion of Canada Department of Agriculture. 

* Assistant chemist, and agricultural assistant, Division of Chemistry, Science Service, 
Central Experimental Farm, Ottawa, Canada. 

233 ^ 



234 


H. J. ATKINSON AND R. C. TURNER 


most looseb^ held on the surface of the colloids— remained in solution, from which 
it could be precipitated by acidification. This constituted a first humate frac- 
tion. By treatment of the material precipitated by the addition of KCl with 
weak acid, the bond between organic matter and sesquioxides was destroyed, 
and then, after dispersion in weak alkali and subsequent precipitation with KCl, 
a second humate fraction was obtained. No further fractionation was at- 
tempted, but the soil colloids had been separated into groups 1, 2a, and 2b, 
and of these, groups 1 and 2a had been subdivided into a first humate fraction, 
second humate fraction, and residue. 

METHOD 

Because of the inaccessability of the Russian literature in which most of 
Timlin’s work has been published, difficulty was encountered in obtaining the 
details of the method. From the information available and after considerable 
investigation, the follovdng method was worked out in this laboratory, and has 
been used in the investigation of a number of Canadian soils. 

Saturation of soil with sodium 

Weigh 50 gm. air-dry soil (passed through a 2-mm. screen) into a 250-cc. 
beaker. Add 200 cc. NaCl solution (25 gm. per 100 cc., adjusted to pH 7), 
stir thoroughly, cover, and let stand overnight. Filter, transfer soil sample to 
filter paper and continue washing with NaCl solution until filtrate gives no test 
for calcium. Remove excess NaCl solution with gentle suction. Wash sample 
with 80 per cent ethyl alcohol (at pH 7) until filtrate gives no test for chlorides. 
Remove excess alcohol with gentle suction. Transfer soil sample to 600-cc. 
beaker with distilled water. 

Separation of group 1 colloids 

Add distilled water to the Na-saturated soil in the beaker to a depth of 9 or 
10 cm. Stir thoroughly and let stand 24 hours. Siphon off the upper 8 cm. of 
suspension and put it in a large bottle labelled “group 1 colloids.” Again add 
distilled water to the soil in the beaker, stir, let stand 24 hours, siphon off the 
upper 8 cm. of suspension, and add it to that removed 24 hours earlier. Repeat 
until the supernatant liquid, after standing 24 hours, is practically clear of sus- 
pended material. (This will, in most cases, take about 3 weeks.) 

Separation of group 2a colloids 

Add NaOH solution (0.004 N) to the soil residue (after removal of group 1) 
to a depth of 9 or 10 cm., stir thoroughly, and let stand 24 hours. Siphon off 
the upper 8 cm. of suspension and put it in a large bottle labelled “group 2a 
colloids.” Again add 0.004 N NaOH solution and continue as in the separation 
of group 1 until, after standing 24 hours, the supernatant liquid is practically 
clear of suspended material. (This will also, in most cases, take about 3 weeks.) 

Separation of group 2b colloids 

To the soil residue left in the beaker (after removal of group 2a) add about 
500 cc. of 0.01 N HCl solution, stir thoroughly, and let stand for 24 hours. 
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Siphon off as much of the supernatant liquid as possible, and repeat the treatment 
three to six times until the pH value of the supernatant liquid is the same as 
that of the 0.01 -AT HCI added. 

Next add 0.01 N NaOH solution to the soil sample to a depth of 9 or 10 cm., 
stir, and let stand 24 hours. Siphon off the upper 8 cm. of suspension and put 
it in a large bottle labelled “group 2b colloids.’’ Add distilled water to a depth 
of 9 or 10 cm., stir, let stand 24 hours, siphon off the upper 8 cm. of liquid, and 
add it to the liquid removed 24 hours earlier. Repeat these treatments, using 
0.01 N NaOH and distilled water alternately until the supernatant liquid, after 
standing 24 hours, is practically clear of suspended material. (This will, in most 
cases, take about 2 weeks.) 

Treatment of the residue 

The residue, after being crashed three or four times with distilled water (by 
stirring, letting settle 24 hours, and siphoning off the supernatant liquid) is 
dried, weighed, and kept for analysis. 

Fractionation of group 1 colloids 

Measure the total volume of suspension collected. Mix the suspension 
thoroughly and remove about one-fourth to one-fifth of the group for examina- 
tion. To the remainder, add NaOH solution (about 15 cc. 0.1 N NaOH per liter 
of suspension), shake thoroughly, and let stand overnight. Determine the pH 
value, which should be between 8.5 and 10.0. If it is less than pH 8.5, adjust it 
by adding more 0.1 iV NaOH. 

Add solid KCl (15 gm. per liter of suspension), stir thoroughly, and let stand 
overnight. Centrifuge to remove all of the material precipitated by the KCl 
(called the “KCl floe”). Save both the supernatant liquid and the KCl floe. 
To the supernatant liquid, add HCI (1 + 3) at the rate of 5 cc. per liter to pre- 
cipitate the first humate fraction. Centrifuge, and keep the humate fraction 
for analysis. 

To the KCl floe, add 0.01 N HCI, stir, and let stand overnight. Centrifuge, 
decant, and repeat the HCI treatment two to four times until the supernatant 
liquid has the same pH value as that of 0.01 N HCI. Disperse the KCl floe 
in NaOH solution (0.01 N), add solid KCl (15 gm. per liter), stir, and let stand 
overnight. Centrifuge, and keep both the supernatant liquid and the floe. 

To the supernatant liquid, add HCI (1 + 3) at the rate of 5 cc. per liter to 
precipitate the second humate fraction. Centrifuge, and keep the humate frac- 
tion for analysis. Wash the KCl floe two or three times with 0,01 N HCI by 
stirring and centrifuging, and keep it for analysis. 

Fractionation of group 2a colloids 

Measure the toM volume of suspension collected. Mix the suspension thor- 
oughly and remove about one-fourth to one-fifth of the group for examination. 
To the remainder, add KCl at the rate of 15 gm. per liter, (Since group 2a 
is dispersed in 0.004 N NaOH, the suspension should have a reaction above pH 
8 . 5 .) From this point, continue the fractionation exactly as for group 1. 
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Fractionation of group % colloids 

The fractionation of this group is carried out as for group 2a, but only one 
humate fraction is separated. The soil residue after separation of group 2a 
is treated with 0.01 N HCl before group 2b is removed, so that a further treat- 
ment with HCl after removal of one humate fraction would appear to be un- 
necessary. 

RESULTS 

The soil samples selected for study by this method were collected from a 
number of locations across Canada, and all were of medium texture. They 
formed a group of seven which were used in greenhouse work in a study of factors 
affecting the response of crops to applications of phosphatic fertilizer as part of a 
general investigation of the problem of phosphate fixation. The following brief 
description of the soils, gives the soil zone (3) and the location from which each 
sample was taken. 


Laboratory no. 7443 
7445 
7541 
7543 
8287 
8289 
9823 


Gray-brown podzolic, from the Central Experimental Farm, Ottawa, 
Ont., plot N 4. 

Podzol, on carboniferous till, from the Dominion Experimental 
Farm, Nappan, N. S. 

Black soil (chernozem), from the Dominion Experimental Station, 
Lacombe, Alta., rotation C. 

Black soil (chernozem), from the Dominion Experimental Station, 
Lacombe, Alta., project 512. 

Podzol (Appalachian upland) , from Macdonald College experimental 
plots, Sawyerville, P. Q. 

Gray wooded, from the University of Alberta experimental plots, 
Breton, Alta., series E, plot 5. 

Dark brown prairie, from the Dominion Experimental Station, Scott, 
Sask., rotation C, plot 2. 


All samples were taken from cultivated areas and represented the soil to plow 
depth. In all cases, they came from areas which had received no applications 
of phosphatic fertilizer or, in most cases, fertilizer treatments of any kind. 
The results of some analyses of these samples are given in table 1. These show 
that the reactions varied from pH 5.1 to 7.3, the carbon contents from 1.58 to 
6.77 per cent, the nitrogen contents from 0.14 to 0.64 per cent, the phosphorus 
contents from 0.024 to 0.094 per cent, and the base-exchange capacities from 9.6 
to 42.6 m.e. per 100 gm. of air-dry soil. 

During the early stages of this study (in 1942) 50-gm. samples of each of the 
seven soils were used. The separation of the groups, especially group 1, was not 
continued until dispersion was complete but was discontinued when it was 
thought that the greater part of group 1, enough for examination, had been 
obtained. At a later date (in 1943) five of the seven samples, together with a 
number of others, were used for a more thorough investigation. Larger samples 
were taken, either 200 or 300 gm, depending on the amount of colloids to be ex- 
pected, and the separation of each group was made as complete as possible. 
In table 2 are presented the amounts of colloids of the different groups that were 
separated, as outlined above, in t^^ years. 
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The first observation to be made from an examination of these figures is the 
great variation in the amount of group 1 colloids from the different soils. On 
the basis of the 1942 results, the Lacombe 512 sample yielded 19.3 per cent and 
the Sawyerville soil only 1.1 per cent. The variation in the amount of group 2a 
colloids was not so great as that of group 1, and, the amounts of the group 2b 
colloids were generally small and showed little variation. For the five soils 
examined more thoroughly in 1943, the amount of group 1 colloids was, in every 
case, somewhat greater. This was to be expected, since, as pointed out above, 
the separation of group 1 in 1942 was not carried to completion. The increased 


TABLE 1 

Analysis of seven selected Canadian soils 


LABO-RA- 

TORV 

NUMBER 

son. 

pH 

CARBON 

NITRO- 

GEN 

PHOS- 

PHORUS 

BASE-EXCHANGE 

CAPACITY 

PER 100 GM. 
SOIL 




per cent 

per cent 

Per cent 

m.e. 

7443 

Gray -brown podzolic, Ottawa 

7.3 

1.58 

0.14 

0.070 

9.6 

7445 

Podzol, Nappan 

6.1 

2.32 i 

0.14 

0.024 

10.8 

7541 

Black (chernozem), Lacombe C 

5.7 

6.75 

0.64 

0.094 

36.0 

7543 

Black (chernozem) , Lacombe 512 

6.5 

6,77 

0.62 

0.092 

42.6 

8287 

Podzol, Sawyerville 

5.1 

3.85 

0.31 

0.052 

12.1 

8289 

Gray wooded, Breton 

6.5 

1.67 

0.14 

0.054 

13.3 

9823 

Dark brown prairie, Scott 

6.0 

2.68 

0.29 

0.060 

17.4 


TABLE 2 

Amounts of the different groups of colloids in selected Canadian soils 
As per cent of air-dry soil 


LABORATORY 

NUMBER 

SOIL 

1942 RESULTS 

1943 RESULTS 

Group 

Group 

2a 

Group 

2b 

Group 

1 

Group 

2a 

Group 

2b 

7443 

Ottawa 

3.5 

5.5 

4.8 

4.6 

2.7 

3.3 

7445 

Nappan 

4.4 

6.8 

3.4 




7541 

Lacombe C 

12.0 

13.9 

3.8 

14.5 

11.1 

4.4 

7543 

Lacombe 512 

19.3 

10.0 

4.0 ! 

22.5 

8.4 

4.4 

8287 

Sawyerville 

1.1 

6.8 

3.7 




8289 

Breton 

5.7 

5,8 

3.6 

7.3 

3.2 

2.6 

9823 

Scott 

10.8 

8.8 

4.1 

12.8 

5.3 

2.8 


figures did not affect the order of magnitude of yield of group 1 colloids from the 
different soils. In 1943, the yields of group 2a colloids were, in every case, less 
than in 1942. This may have been due to the more complete separation of group 
1, which otherwise might be dispersed in the very dilute NaOH solution used to 
peptize group 2a. There was no regular change in the amounts of group 2b 
obtained in the two years, but the quantities were small and showed considerably 
less variation than did the percentages of the other two groups. 

Results of the more complete separation carried out on five soil samples in 
1943 are presented in table 3. In the group 1 colloids, 85 to 96 per cent of the 
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total was accounted for by the three fractions; in the group 2a colloids, these 
figures were 82 to 95 per cent. The recovery of the group 2b fraction was rather 
poor, the best being only 83 per cent, and, in two cases, the figures drop to 
approximately 50 per cent. The reason for such a low recovery is not clear. 

The first humate fraction, in both groups 1 and 2a, was larger than the second 
humate fraction. This difference was pronounced in the two Lacombe soils. 
Tyulin believes that the loosely bound organic matter, as represented by the first 
humate fractions, plays a very important part in certain soil reactions and 
properties. In general, the figures in tables 2 and 3 indicate the distribution 
of the groups of colloids and their fractions that may be expected in a variety 
of soils. 

TABLE 3 


Amounts of the fractions of the different groups of colloids in selected Canadian soils 
As per cent of air-dry soil 


LABORA- 

SOIL 

GROUP 1 

GROUP 2a 

GROUP 2b 

TORY 

NUMBER 

First 

humate 

fraction 

Second 

humate 

fraction 

KCl 

floe 

First 

humate 

fraction 

Second 

humate 

fraction 

KCl 

floe 

Humate 

fraction 

KCl 

floe 

7443 

Ottawa 

0.23 

0.22 

3.5 

0.42 

0.12 

2.0 

0.18 

2.2 

7541 

Lacombe C 

1.29 

0.33 

11.9 

2.66 

0.28 

6.9 

0.49 

2.7 

7543 

Lacombe 512 

1.44 

0.50 

19.8 

1.44 

0.20 

5.6 

0.58 

3.1 

8289 j 

Breton 

0.18 

0.11 

6.5 

0.35 

0.06 

2.2 

0.12 

1.3 

9823 

Scott 

0.38 

0.29 

11.5 

0.58 

0.08 

3.7 

0.15 

1.2 


TABLE 4 


Base-exchange capacities of soil samples before and after separation of the 

colloid groups 

As m.e. per 100 gm. of air-dry soil 



OTTAWA 

NAPPAN 

LACOMBE 

1 c 

LACOMBE 

512 

SAWYER- 

VILLE 

BRETON 

SCOTT 

Original soil 

9.6 

10.8 

36.0 

42.6 

12.1 

13.3 

17.4 

After separation of groups. . 

lost 

6.0 

17.2 

19.3 

7.6 

6.1 

5.2 


Determination of the base-exchange capacities of the residues, after separation 
of the groups of colloids, showed that, in every case, this material still had the 
power of adsorbing an appreciable amount of cations. The figures for the ex- 
change capacity (ammonia adsorbed by treatment with neutral normal am- 
monium acetate solution) are presented in table 4. The determinations made on 
the original soil sample and on the residues are given and indicate that the 
different soils have retained approximately 30 to 60 per cent of their power to 
adsorb cations after groups 1, 2a, and 2b have been removed. 

DISCUSSION 

Results obtained by Tyulin (5) indicated that the group 1 colloids predominate 
in a typical chernozem soil but that group 2 colloids form the greater fraction 
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in a red soil and also in a podzoL It was evident from the results obtained in 
this laboratory that the ratio of group 1 to group 2 may depend on the complete- 
ness of the separation of group 1. The bulk of each group w^as removed early in 
the separation (after seven to ten periods of 24 hours), but smaller quantities 
continued to remain in suspension after 24 hours^ standing up to more than 3 
weeks from the time peptization was begun. Thus, in 1942, wiien dispersion of 
group 1 colloids and removal of the supernatant liquid after 24 hours was re- 
peated approximately 10 times, the percentage of group 1 colloids ivas less in 
every case than in 1943, \vhen the supernatant liquid w^as removed over 20 
times. Conversely, the quantity of group 2a w-as less in every case in 1943 than 
in 1942. The only directions obtainable on this point were that the supernatant 
liquid is removed every day ^‘untU the layer of liquid over the deposit is clear’^ 
(4) or that “the operation is stopped when the supernatant liquid begins to get 
clear (7). It is possible that, if the treatment is prolonged, especially in the 
separation of the second group when w^eak alkali is used, changes may be brought 
about in the nature of the colloid or substances brought into solution, e.g., by 
hydrolysis, which otherwise might not be dispersed. 

Recent attempts by Russian workers (6, 7) have been directed toward obtain- 
ing a rapid method of bringing about the separation of the colloid groups from 
the soil, based to some extent on the method for mechanical analysis. This 
would indicate that the more complete separation that was obtained in the time- 
consuming method outlined in this paper is probably not necessary to give a 
satisfactory picture of the colloid distribution. Furthermore, results obtained 
in this laboratory (to be published in a later paper) have indicated that it is 
probably the group 1 colloids that play the most important part in the general 
question of soil fertility, and the figures presented in the present paper shovr 
that the relative amounts of this group from the soils used were not changed 
when the more complete separation w’-as attempted. 

On the basis of the 1942 results, taking the sum of groups 2a and 2b to obtain 
a value for group 2, the Nappan podzol had 4.4 per cent group 1 and 10.2 per 
cent group 2 colloids, and the Sawyerville podzol had only 1.1 per cent group 1 
and 10.5 per cent group 2. These results agreed in general with those obtained 
for a podzol by Tyulin. On the other hand, only one of the t^vo Lacombe soils 
from the black soil zone, closely resembling chernozem, had a greater amount 
of group 1 than group 2 colloids. An interesting observation made on the 
Saw^erville podzol \vas that the first humate fraction obtained from group 2a 
constituted about 50 per cent of that group, or over 3 per cent of the original 
soil, an amount greater than the total yield of group 1 colloids from this soil. 

SUMMARY 

An attempt has been made to fractionate the colloids of a number of soils 
into groups as proposed by Tyulin. Based on information available, a method 
has been worked out for the separation of group 1 colloids (called by Tyulin 
the “electronegative” group) and of group 2 colloids (Tyulin's so-called 
“isoelectric” group), the latter being obtained as two subgroups. Group 1 
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includes those colloids that are dispersed in distilled water after being saturated 
with Na ions. Group 2, subgroup “a,” contains those colloids which, following 
the removal of group 1, are dispersed in 0.004 N NaOH. Group 2, subgroup 
''b/^ consists of those that are dispersed in weak alkali following the removal of 
group 2a and subsequent treatment of the I'esidual soil with weak acid. From 
each group have been separated a first humate fraction, representing loosely 
bound organic matter, and a second humate fraction, or organic matter more 
firmly attached to the colloids. Details of the methods as used in this laboratory 
have been given, and some results obtained on soils of medium texture, taken 
from different soil zones, have been presented. 

It has been possible to obtain the various groups and their fractions as indicated 
by Tyulin, and these have varied in amount from soil to soil. The greatest 
variation was shown in the size of the group 1 fraction, from 1.1 to 19.3 per cent. 
The variation in the quantities of group 2a was less, and the percentages of group 
2b were in general the smallest and showed the least variation between soils. 
Results have indicated that the relative quantities of group 1 and group 2 may 
depend on the completeness of the separation of the first group. It has been 
suggested that, in order to get comparable results, it may not be necessary to 
make the separation of the different groups as complete as indicated in the 
method given. It has been shovm that the residues, after separation of the 
groups, have retained from 30 to 60 per cent of the capacity to adsorb bases 
possessed by the original soil. 

In agreement with Tyulin’s results, the podzols examined, especially that 
from Sawyerville, had considerably more of group 2 than of group 1 colloids. 
One of the Lacombe samples, from the black soil zone, had a larger percentage 
of group 1, as found by Tyulin for a typical chernozem. 
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Emulsion Technology, Chemical Publishing Company, Inc., Brooklyn, 1943. 
Pp. 290. Price $5. 

1 his book is made up of a series of papers prepared by specialists in the field 
of emulsion technology. Both the theoretical and the applied aspects of emul- 
sions are presented. The several chapters deal with mechanisms, principles, 
uses, patents, machinery, and problems of emulsification, and with applications 
in insecticides, fungicides, foods, textiles, paints, leathers, riibbei’s, and asphalts. 
The contributing editors are W. R. Atkin, N. H. Chamberlain, W. Clayton, R. 
M. K. Cobb, J. W. Corran, F. G. Donnan, R. Dorey, A. C. Fraser, H. Freund- 
lich, L. G. Gabriel, M. P. Hofmann, R. I. Johnson, L. A. Jordan, J. B. Speak- 
man, H. P. Stevens, W. H. Stevens, F. C. Thompson, V. G. Walsh, S. Werthan, 
and R. M. Woodman. 

An IntroducUon to P ollen Analysis, By G. Erdtman, with a foreword by Robert 
P. Wodehouse. Chronica Botanica Compaii}^, Waltham, Massachusetts, 
1943. Pp. 294, figs. 48. Price $5. 

This is Volume XII of ^'A New Series of Plant Science Books.’^ It stresses 
the importance of pollen morphologj^ and presents a set of theoretical principles 
based on the experimental work so far undertaken. The science of pollen analy- 
sis is relatively young but, judging from this volume, a great deal of progress 
has been made in it. The results of pollen analyses are of particular interest to 
ecologists, climatologists, geographers, and historians. As w-ould be expected, 
a large part of the book is taken up with a consideration of peat and of the 
pollen grains that have been preserved in such deposits. Anyone interested 
in this subject will find this book very useful. 

Plant Viruses and Virus Diseases, By F. C. Bawden. Second edition, entirely 
revised. Chronica Botanica Company, Waltham, Massachusetts, 1943. 

Pp. 294, figs. 48. Price $4.75. 

This is Volume XIII of ''A New Series of Plant Science Books.” Among the 
16 chapters contained in it are those dealing with the history, symptomatology, 
transmission, vectors, strains, serological reactions, purification, properties, 
methods of inactivation, classification, and control of viruses. One is impressed 
with the progress that has been made in this line of work, and this progress has 
been faithfully and fully reported. One is impressed also with the large amount 
of effort which must still be put into the investigation of this intriguing subject. 

The Editoes. 
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SOIL COLLOIDS: III. RELATIONSHIP TO SOIL FERTILITY' 
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The practical application of any study on soil colloids should be found in the 
relationship of these colloids to soil fertility. It is generally agreed that the coh 
jpidal complex of a soil plays a major part in supplying nutrients to plants grown 
thereon. There is still a need for some method of relating soil fertility more 
closely with some property or some fraction of the colloidal complex. Attention 
has been drawn recently (2) to the importance of the clay-humus complexes or 
so-called “organo-mineral” colloids in soil fertility, with particular reference to 
the w^ork of Tyulin in Russia and of Simon and Springer in Germany. 

The investigations of Tyulin (4) are based on the separation of soil colloids by 
fractional and dissolutive peptization into group 1 (called ‘‘electronegative'' 
colloids) and group 2 (termed “isoelectric" by Tyulin and obtained in two sub- 
groups), and the further treatment of these groups to obtain a first hiimate frac- 
tion representing loosely bound organic matter, and a second humate fraction 
representing organic matter more firmly attached to the colloids. A previous 
paper (1) reported results obtained from an attempt to apply Tyulin 's method 
to the fractionation of the colloids of a number of Canadian soils. The method 
proved to be generally applicable, and some of the fractions varied considerably 
in quantity from soil to soil. The greatest variation was shown in the amounts 
of group 1 colloids; the variation in the quantities of group 2a was somewhat less; 
and the amounts of group 2b were small and showed little variation. 

While the laboratory experiments were being conducted, greenhouse studies 
on the same soils were also being made. Large samples of the untreated soils from 
the different locations were brought to Ottawa so that studies of fertility and the 
effect of fertilizer treatments, particularly applications of phosphatic fertilizer, 
could be undertaken under the same enviromnental conditions. This arrange- 
ment made it possible to see whether any relationship existed between the in- 
her,ent fertility of a soil sample and the yield of colloidal fractions obtained by 
Tyulin's peptization method. 

A number of fertilizer treatments were applied in the greenhouse to each soil, 
but it is necessary here to consider only the yields of the untreated samples. In 
the fall of 1940, the samples in an air-dry condition w-ere placed in flower pots, 
an amount equivalent to 2000 gm, of moisture-free soil being used per pot. 
Barley of the variety O.A.C. 21 was used as the indicator crop, and seven seeds 
per pot W'ere soum but, after germination, only four plants per pot were allowed 

1 Scientific contribution No. 106 from the Division of Chemistry, Science Service, Domin- 
ion of Canada Department of Agriculture. 

2 Assistant chemist, and agricultural assistant, Division of Chemistry, Science Service, 
Central Experimental Farm, Ottawa, Canada; and soil specialist, Division of Field Hus- 
bandry, Experimental Farms Service, Central Experimental Farm. 
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to grow. Each treatment was made in triplicate. In May, 1941, the plants 
were harvested and the yields determined. 

After the harvesting of the plants, no more water was added, and the soils 
were kept in an air-dry condition throughout the summer. In the fall of 1941, 
the soils were cultivated and moistened. As in the previous year, barley (O.A.C. 
21) was grown at the rate of four plants per pot and the yields were again deter- 
mined after harvesting. 

During the third year, the whole experiment was rearranged somewhat, and 
red clover was grown instead of barley. The soil from Sa^vyerville was given 
special treatments, with barley again as the indicator crop, but clover was grown 
on two pots immediately following the barley. 

TABLE 1 


Relationship between plant yield and the amount of nitrogen^ of carbon, and of group 1 colloids 

in the soil* 


SOIL 

NITROGEN 
IN SOIL 

CARBON IN 
SOIL 

GROUP 1 
COLLOIDS 
IN SOIL 

YIELD OF 
i BARLEY 
GRAIN PEE 
POT, 

1940-41 

YIELD OF 
BARLEY 
GRAIN PER 
POT, 

1941-42 

YIELD OF 
CLOVER 
PER POT, 

1942-43 


per cent 

per cent 

per cent 

gm. 

gm. 

gm. 

Lacombe 512 

0.62 

6.77 

19.3 

4.9 

8.4 

21.5 

Lacombe C 

0.64 

6.75 

12.0 

4.7 

7.2 

14.7 

Scott 

0.29 

2.68 

10.8 

6.9 1 

3.6 

14.0 

Breton 

0.14 

1.67 

5.7 

3.9 

1.8 

13.1 

Nappan 

0.14 

2.32 

4.4 

3.9 

2.6 

7.0 

Ottawa 

0.14 

1.58 

3.5 

2.1 

2.0 

3.8 

Sawyerville. 

0.31 

3.85 

1.1 

0.7 

1.0 

4.2t 


* t value, group 1 colloids and barley yield, 12.0 
t value, per cent nitrogen and barley yield, 5.6 
t value, per cent carbon and barley yield, 5.2 
Necessary t (P = 0.01, n = 17), 2.90 
i value, group 1 colloids and clover yield, 8.6 
t value, per cent nitrogen and clover yield, 4.5 
t value, per cent carbon and clover yield, 4.1 
Necessary t (P ~ 0.01, n = 24), 2.80 
t Average yield from two pots, immediately after barley. 

Three cuttings of clover were made over a period of several months in the 
spring and summer of 1943. The total yield was determined b}^ adding together 
the weights obtained at each cutting. The yields of barley for two years and of 
clover for one year are presented in the last three columns of table 1. 

From a study of the results obtained from the fractionation of the colloids, a 
reasonably close agreement appeared to exist between the yields obtained in the 
greenhouse and the amount of group 1 colloids. The figures for the latter are 
also presented in table 1 for the purpose of comparison. 

In 1940-41, the yield of barley from the Scott soil was greater than that from 
either of the Lacombe soils, which contained a greater amount of group 1 col- 
loids, This result was rather unexpected, since field data on wheat production 
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from these soils showed that the Lacombe soils gave higher yields. At each loca- 
tion, the rotation of summer fallow, wheat, wheat, was followed, and the follow- 
ing figures are the yields of wheat after summer fallow: 

Lacombe 512 Average yield, 1935-1941, 36.8 bushels per acre, 

Lacombe C Average yield, 1935-1941, 21.4 bushels per acre. 

Scott Average yield, 1935-1941, 9.0 bushels per acre. 

The greenhouse yields of barley for 1941-42 showed that, for the three soils 
just discussed, the order of yield was the same as that for the quantity of group 1 
colloids. In this year, however, the yield from the Breton soil appeared to be 
somewhat out of line. Otherwise, the yield figures agreed in order of magnitude 
with those for the first group of colloids. When clover was used as the indicator 
crop in 1942-43, even better agreement -was obtained. The }ield of clover in- 
creased in the same order as the quantity of group 1 colloids separated from the 
soil. 

A statistical analysis of the data was made to determine the correlation be- 
tween the amounts of group 1 colloids and the yields obtained. The total yield 
of barley for the two years from each individual pot in the experiment was used, 
and it was found that r = +0.946 vnth a t value of 12.0 and necessary t for sig- 
nificance, when P = 0.01 and n = 17, of 2.90. When the yield of clover from 
each pot in the series was used, it was found that r = +0.85 with a t value of 
8.6 and necessary t for significance, when P = 0.01 and n = 24, of 2.80. Both 
results indicate highly significant correlations. 

When the yields of barley and of clover were compared with the nitrogen con- 
tent and the carbon content of the soil, highl3^ significant correlations were also 
obtained. The t values obtained were 5.6 for nitrogen and barley, 5.2 for carbon 
and barley, 4.5 for nitrogen and clover, and 4.1 for carbon and clover, but these 
were very much lower than those obtained when the yield was compared with 
the amount of group 1 colloids. The two Lacombe soils had almost identical 
amounts of organic matter (N == 0.62 per cent and 0.64 per cent; C = 6.77 per 
cent and 6.75 per cent), but the yields of barley and, more particularly, of clover 
were lower on the Lacombe C sample, w+ich had the smaller amount of group 1. 
A comparison of the Scott and Sawyerville samples is also interesting. The 
Sawyerville soil had slightly more organic matter (0.31 per cent N and 3.85 
per cent C) than the Scott soil (0.29 per cent N and 2.68 per cent C). The 
amount of group 1 colloids, how’^ever, was very much greater in the Scott sample 
(10.8 per cent) than in the Sav^erville sample (1.1 per cent), and the yields of 
barley and of clover were considerably greater for the Scott soil. 

Shchukina (3) has shown that the improvement in yield capacity on an irri- 
gated chernozem was reflected in the amount of group 1 colloids. Tyiilin (4) 
has pointed out the preponderance of group 1 colloids in a chernozem (a rela- 
tively fertile soil) when compared with the same group in a podzol (a relatively 
infertile soil). The few results presented herewith, obtained from a study of 
soils of medium texture from a number of soil zones in Canada, also have sug- 
gested the importance of the amount of group 1 colloids in soil fertility. Tyulin 
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expressed the opinion that it is the quantity of loosely bound humate fraction of 
group 1 colloids that may serve as a valuable criterion of soil fertility and quoted 
some results from his own laboratory in support of this. The quantities of first 
humate fraction in five of the seven soils mentioned in this paper were pre- 
sented in a previous publication (1). These results indicate that the agreement 
between yield and the quantity of this humate fraction was sufficiently close to 
warrant further investigation. Some preliminary work with two clay soils 
which are now under study also has pointed to the possibility that this humate 
fraction may be of more importance than group 1 as a whole, and the study is 
being continued. 

SUMMARY 

Greenhouse studies for three years were made on seven Canadian soils of 
medium texture, representing five soil zones. Yields of barley for two years and 
of clover for one year were measured. A highly significant relationship was 
found between the yields and the quantity of group 1 colloids obtained from the 
soils. This relationship was somewhat closer than that between yields and 
percentage of nitrogen in the soil, or than that between yields and percentage of 
carbon. T3mlin’s contention that it is the first humate fraction of group 1 col- 
loids that is the important one from the point of view of soil fertility was shown 
to have support. 
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There is evidence that significant amounts of accessory growth substances are 
present in soils. Whether or not they significantly affect development of crop 
plants, however, or can do so is still open to speculation. There are some who 
consider that the effects of the soil-contained \dtamins on higher plants are 
negligible, but others are inclined to believe that crop residues, manures, and 
other organic materials exert effects on plants not alone through their content of 
fertilizing elements but also through the \fitamins and other accessory growth 
substances which they contain or which are produced during decomposition of 
the organic materials by the soil microorganisms. 

The experiments reported in this paper were designed, not to test either of 
these points of view, but rather to obtain information regarding the related sub- 
ject of the effects of microorganisms on the vitamin content of decomposing or- 
ganic materials. It was thought that this information would provide a basis 
for a more reasonable evaluation of the vitamin-supplying potentialities of plant 
residues. 

Very little is loiown concerning the resistance of vitamins to microbial attack. 
When vitamins are used in culture media it is generally assumed that they persist 
or are absorbed by the organisms being cultured and are utilized as growth acces- 
sories. Likewise, vitamins have been added to soil in plant tests with no regard 
to the possibility that they might be decomposed. A point of view recently ex- 
pressed by Schopfer (45, p. 225) is typical: ‘^The roots of decomposing plants 
give up their growth factors to the soil just as does the decaying foliage . . . .De- 
composing animal organs must also give up their \dtamins to the soil.’’ 

The results reported here indicate that this is not an accurate statement of what 
happens during decomposition. The importance of microorganisms in the pro- 
duction of vitamins in the digestive tracts of ruminants and other animals has 
been emphasized, but little consideration has been given to the possibility that 
microorganisms may also be responsible for the destruction of vitamins in these 
organs. Many questions arise in considering the fate of vitamins in plant mate- 
rials. Are vitamins resistant to microbial attack? What happens to the vita- 
mins contained in decomposing plant materials? Does the vitamin content drop, 
remain constant, or increase? Since vitamins may be synthesized during micro- 
bial development, the vitamin content of a substrate will be determined not 
only by the rate of decomposition but also by therate of vitamin synthesis. Thus, 

1 Journal Series Paper of the New Jersey Agricultural Experiment Station, Rutgers 
University, department of soil microbiology. 
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there is possibility of increase as well as decrease. Studies of the effects of mixed 
microbial populations on vitamin changes in decomposing plant materials 
should give some indication of the relative importance of microorganisms in 
determining the vitamin content of soils and might provide some suggestion as 
to the likelihood of higher plants obtaining vitamins from the soil. 

REVIEW OF LITERATURE 
Yitamim in Soil 

Since many if not all of the vitamins of the B-complex are required by most living cells 
and since soils contain the residues of higher plants as well as an extensive and varied popu- 
lation of microorganisms, it is to be expected that the vitamins occur in soils. Lilly and 
Leonian (26) detected the presence of thiamine and its moieties and also biotin in a large 
number of soils ; larger quantities of these substances were found in the surface than in the 
deep soil layers and there appeared to be some correlation between the organic matter con- 
tent and the amounts of vitamins in the soils. Muller (34) likewise obtained evidence that 
thiamine is present in soils of forests, fields, and prairies, with the greatest amounts in the 
surface material. Carpenter (11) recovered riboflavin from soils and also noted correla- 
tions between the vitamin content and the organic matter content of the soils. Auxins, 
which are of interest as growth regulators of higher plants and, like vitamins, are effective 
at very low concentrations, also occur in soils (35, 52) ; larger quantities were present in 
fertile soils, and the amounts were close to concentrations that have been found to favor 
plant development. Auxins are produced by many different soil microorganisms, par- 
ticularly the bacteria (37). 

West obtained evidence that the soil vitamins may come not only from dead plant wastes 
and microorganisms but also from living plants (57). He found that thiamine and biotin 
were excreted by the roots of seedlings. Of still greater interest is the finding of West and 
Lochhead (58, 59) that the microbial population of the rhizosphere includes many bacteria 
which require preformed accessory growth substances. Organisms of this type occur 
throughout the soil but are more abundant in fertile soils and in contact with plant roots. 
This indicates that vitamins are present in soil and that some of the soil microorganisms de- 
pend on associating organisms for accessory growth substances. The fact that soil extract 
provided growth accessories necessary for development of these bacteria proved that the 
substances were actually present in the soil. From studies using soil extract in culture 
media, Lochhead and Chase (27, 28) obtained evidence that some soil bacteria require cer- 
tain growth substances in addition to the known vitamins of the B-complex. 

Decomposition of vitamins 

The quantity of a vitamin in soils and composts is determined not only by the amounts 
added in plant residues or formed by microorganisms during decomposition of the organic 
matter, but also by the extent to w’hich the vitamins themselves are attacked and destroyed 
by microorganisms. In a previous communication the author reported that, during de- 
composition of organic matter in composts, there was considerable decomposition of ribo- 
flavin and pantothenic acid (51), In fact, it was noted that the vitamin loss was generally 
greater than that of the total organic matter after a month or more of composting. Conse- 
quently, the final products of composting were poorer in the vitamins than were the originai 
plant materials. Similar results were obtained with organic materials that decomposed 
rapidly as well as with resistant plant residues. Most of the determinations were made 
after the materials had composted for a month or more, and little information was obtained 
about changes that took place in the early stages of decomposition . 

Kraus (24) found that the riboflavin content of sewage sludge increased during the early 
stages of digestion but that it decreased during more prolonged anaerobic digestion: Selye 
(46) reported that riboflavin was rapidly destroyed in certain segments of the intestinal 
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tract of the rat. Some specific information about the nature of the breakdown of ribo- 
flavin was recently reported by Foster (17). He isolated from soil a hitherto undescribed 
bacterium, Pseudomonas ribojlavinus, which decomposed riboflavin rapidly, oxidizing the 
ribose group of the molecule completely to CO 2 and H 2 O, and leaving intact the rest of the 
molecule, lumichrome. His results suggest that there may be a high degree of specificity 
among organisms with regard to the decomposition of vitamins. Young and James (63) 
and Young and Rettger (64) found that vitamin C is decomposed by a large number of in- 
testinal bacteria. There are many bacteria, however, that do not attack the vitamin. As 
a result of microbial attack, the molecule was appreciably altered and transformed beyond 
the reversible de hydro state. 

Some idea of the decomposability of vitamins can be derived from studies on silage and 
foods that are acted upon by microorganisms during processing. Such information, ho'w- 
ever, is little more than suggestive as regards transformations in soil, because comparatively 
simple populations of specific microorganisms bring about the changes in foods. Some 
results on cheese are of interest in this connection, however. Sullivan, Bloom, and Jarmol 
(54) found that there was a progressive increase in the amounts of pantothenic acid, nico- 
tinic acid, and biotin in limburger cheese during the process of curing. Burkholder, Collier, 
and Moyer (10) found that there was an increase in the amounts of thiamine, riboflavin, 
nicotinic acid, and biotin in the surface portion of various cheeses during curing, and the 
increase was ascribed to microbial synthesis. The vitamin content within the cheese 
changed comparatively little. The persistence of the vitamins was remarkable in view of 
the results reported below. It may be that the explanation is to be found in the fact that 
the selected microbial population of the cheeses had relatively few vitamin-decomposing 
organisms. 

EXPERIMENTAL METHODS 

Composts composed of organic matter alone were used in order to avoid inter- 
fering effects of soils. Thus, the vitamin contents of water extracts were suffi- 
ciently concentrated for direct assays; further concentration might have been 
necessary if mixtures of soil and organic matter had been prepared. Further- 
more, an}^ absorption or inactivation of vitamins by soil was also avoided. Three 
of the vitamins of the B-complex were studied: riboflavin, pantothenic acid, 
and nicotinic acid. The assays were made by bacteriological methods using 
Lactobacillus casei as the test organism for riboflavin according to the method 
of Snell and Strong (48) and for pantothenic acid by the method of Strong, 
Feeney, and Earle (53). Nicotinic acid was determined by the method of Snell 
and Wright (49) using Lact. arabinosus as the test organism.^ 

The extracts used for making the assays for nicotinic acid and pantothenic 
acid were prepared as follows: The organic material was suspended in distilled 
water, neutralized, and heated at 1 atmosphere pressure for 30 minutes. The 
mixture was cooled, made to volume, and centrifuged. The supernatant liquid 
was used for the assays. In preparing the riboflavin extracts the organic mate- 
rials were treated with O.liV HCl instead of distilled water. 

The first experiments are concerned with an extension of a previous report 
(51) on the transformation of riboflavin and pantothenic acid in composting or- 
ganic materials. The first of those recorded below are concerned with changes in 

2 Some of the vitamins used in these studies were kindly provided by Merck and Co. 
The author is also grateful to members of the department of research and development of 
the same company, for helpful suggestions regarding assay procedures. 
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the nicotinic acid content of the same composts. The composts were prepared 
as follows: 

1. Oat straw — 1,000 pounds of straw, treated with 34 pounds of (NH4)2S04, 10 pounds of 
superphosphate (20 per cent P 2 O 6 ), and 30 pounds of lime. 

2. Oat straw and clover-“700 pounds of straw and 300 pounds of clover. 

3. Corn stover — 1,000 pounds of corn stover treated with the same materials as straw. 

4. Silage corn — 1,000 pounds of silage corn treated wdth the same materials as straw. 

5. Cow manure (straw bedding). 

6. Leaves and timothy hay — 700 pounds of leaves and 300 pounds of hay. 

7. Woody tree trimmings and leaves — ^500 pounds of woody residues and 500 pounds of 
leaves treated with materials at one-half the rate used on straw . 

8. Salt hay — 1,000 pounds of hay treated with the same materials as straw. 

9. Low^moor peat and timothy hay — 700 pounds of peat and 300 pounds of hay. 

Each compost contained the equivalent of 1,000 pounds of dry organic matter. 
All were stored in the open on a platform. Liquid material that drained from 
the composts was returned to the top. Water was added as needed to keep the 
organic matter moist. The composts were turned each month, and the samples 
were taken for analysis at the time of turning. The composts were prepared 
during the summer and fall. The leaves were mature fallen leaves of the hard- 
woods, maple, oak, and ash. The woody tree timmings wei^e small branches of 
maple, oak, and ash less than 2 cm. in diameter and cut in pieces not more than 
10 cm. long. The amount of decomposition at each assay period was estimated 
from determinations of ash content. 

Additional experiments are reported on small composts which were incubated 
in the laboratory where it was possible to control the environmental conditions 
and to obtain more representative samples than was possible mth the large 
composts. Determinations were also made more frequently on the small com- 
posts, whereby the course of the changes was followed more closely, particularly 
during the first few weeks. For these composts, organic material having the 
equivalent of 125 gm. oven-dry weight was prepared in glazed earthenware 
pots. Three different substances were used: wheat straw, young grass, and a 
mixture of equal parts of straw and grass. To each of the pots of straw was 
added 5 gm. (NH 4 ) 2 HP 04 , 1 gm. KCl, and 5 gm. CaCOs. One pot of each 
material was kept moist, but not wet, and will be referred to as “aerobic.” 
Similar portions were treated with large amounts of w^ater and were kept at 
moisture contents between 90 and 95 per cent. These are referred to as “an- 
aerobic” but, since they were kept in containers that were merely covered but 
not sealed to exclude air, there was opportunity for aerobic decomposition at 
the surface. All composts were kept at 28°C. 

At each sampling period, the entire contents of each pot were thoroughly 
mixed before sampling. Some difficulty was encountered in obtaining suitable 
samples from the anaerobic material, since the solid substance was not uniformly 
dispersed through the liquid. Reasonably representative samples wereobtained 
by separating most of the liquid from the solid materials at each sampling period 
and taldng suitable aliquots of each for analysis. 
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The weights of the composts in the pots were determined at each period and 
samples were taken for determinations of moisture and ash. The amount of 
decomposition was calculated on the basis of decrease in ash-free organic matter, 
allowance being made for samples removed. The vitamin content was also 
calculated on the basis of oven-dry, ash-free organic matter. The ash consti- 
tuents increased materially during decomposition, exceeding 30 per cent of the 
total material in some cases, and the results would show somewhat less than the 
actual changes in vitamin content unless they were calculated on the ash-free 
basis. 


EXPERIMENTAL RESULTS 

Transformation of nicotinic acid in outdoor composts 

Changes in the nicotinic acid content of the large composts which were ex- 
posed to the weather are shown in table 1 . The amounts of this vitamin in the 
materials used in preparing the composts differed considerably. The peat with 
2,4 7 per gram was the lowest and the silage corn highest with 29.5 7 . The 
substances were for the most part low-grade plant materials containing large 
amounts of structural substances and therefore were poor in vitamins which 
occur in greatest abundance in the actively growing parts of plants. Assays 
w^’ere made of various other materials, including the following w’hich serve to 
indicate the range of nicotinic acid content in plant materials and related sub- 
stances: yeast extract 252, young grass 85, fresh thrashed pea vines 49, pea vine 
silage 1 year old 21, and a fertile field soil 0.35 7 per gram of dry material. In 
general, the nicotinic acid content of the various materials tested was two to 
more than three times as high as that of riboflavin or pantothenic acid. 

The changes in nicotinic acid were similar to the pre\dously reported changes 
in riboflavin and pantothenic acid, but the rate of nicotinic acid loss was generally 
somewhat slower than that of the other twm vitamins. There, was a progressive 
loss of vitamins with no tendency for accumulation after 30 days of composting. 
In most cases the vitamin content of the composted material (micrograms per 
gram) was less than that of the initial substance. There are a few^ exceptions 
but only three cases where there w^ere appreciable increases in nicotinic acid con- 
tent during decomposition: the straw and corn stover at the 30-day period and 
silage corn at 7 days. In three other cases there w^ere insignificant increases in 
nicotinic acid content in the composting materials. In contrast, in 15 of the 21 
cases there was a decrease in the nicotinic acid content of the composting organic 
matter . This indicates that in general there w’-as more rapid loss of the vitamin 
than of the organic matter as a whole. This is shown from comparison of the 
figures in the last two columns of the table. 

The course of the changes was similar with readily decomposed materials such 
corn stover, straw and clover, and leaves and hay and with more resistant 
materials such as straw, manure, and leaves and wnod. The values for per- 
centage decomposition of total organic matter of the peat and hay compost ap- 
pear to be too high; this is particularly the ease mth the value for the 30-day 
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TABLE 1 


Transformation of nicotinic acid in composts 


MATERIAL 

ASH ON 
OVEN-DRY 
BASIS 

NICOTINIC ACID CONTENT 

DECOMPOSITION 
OP TOTAL 
ORGANIC 
MATTER 

As 

analyzed 

On 

oven-dry, 

ash-free 

basis 

Calculated, 
assuming no 
vitamin decom- 
position, oven- 
dry and ash-free 
basis 

Loss 

during 

composting 


per cent 

•rlgm. 

yigm 

yfgm. 

per cent 

per cent 


Oat straw 


Compost, initial 

11.1* 

9.0 

10.4 

10.4 



Compost, 30 days. . . 

12.5 

9.4 

11.5 

12.0 

4 

! 13 

Compost, 70 days. . . 

16.8 

8.2 

10.5 

17.3 

39 

1 40 

Compost, 110 days. . . 

22.3 

7.8 

10.7 

24.2 

56 

57 ' 


Oat straw and sweet clover 


Oat straw 

6.8 

9.0 

10.4 




Sweet clover 

6.8 

18.1 

21.4 




Compost, initial 

6.8 

11.7 

13.7 

13.7 



Compost, 30 days. . . 

8.0 

9.7 

11.3 

16.3 

31 

16 

Compost, 70 days. . . 

13.3 

9.2 

11.4 

28.5 

60 

52 

Compost, 110 days. . . 

15.4 

9.2 

11.9 

34.3 

65 

60 


Corn stover 


] 

Corn stover, initial . . . 

10.5* 

10.9 

12.4 

12.4 



Compost, 30 days 

17.3 

16.0 

20.5 

22.1 

7 

44 

Compost, 70 days 

32.7 

9.0 

14.0 

51.7 

73 

76 


Silage corn 


Silage corn, initial... 

8.6* 

26.2 

29.5 

29.5 

1 


Compost, 7 days 

14.3 

34.0 i 

42.3 

51,8 

18 1 

43 


Cow manure 


Manure, initial 

20.0 

13.2 

17.7 

17.7 



Compost, 30 days. . . 

26.1 

8.2 

11.8 

24.9 

53 

29 

Compost, 70 days. . . 

34.1 

10.3 

16.6 

36.9 

55 

52 

Compost, 100 days. . . 

37.1 

8.6 

14.5 

42.1 

66 

58 


Leaves and timothy hay 


Leaves 

1 12.3 

11.1 

13.7 




Hay.... ................ 

5.4 

20.2 

23.0 




Compost, initial 

10.2 

13.8 

16.5 

16.5 



Compost, 30 days. , . 

13.2 

■ 10.0 

12.3 

22.0 

44 

25 

Compost, 111 days. .. 

17.8 

6.3 

8.5 

31.7 

-73 

. 48" 

Compost, 163 days. . . 

21.7 

7.4 

10.3 

40.2 

■■.■.■74-'' 1 

59 

Compost , 252 ■ days . . . 

30.0 

7.4 

11.5 

91.7 

87 

82 


* Includes ash and fertilizer salts. 



B VITAMINS IN BECOMPOSING ORGANIC MATTER 


253 


TABLE 1 — Continued 


MATERIAL 

ASH ON 
OVEN-DRY 
BASIS 

NICOTINIC ACID CONTENT 

DECOMPOSITION 
OF TOTAL 
ORGANIC 
MATTER 

As 

analyzed 

On 

oven-dry, 

ash-free 

basis 

Calculated, 
assuming no 
vitamin decom- 
position, oven- 
dry and ash-free 
basis 

Loss 

during 

composting 


per cent 

yfgm. 

y/gm. 

yfgm. 

Per cent 

per cent 


Leaves and woody tree trimmings 


Leaves 

1 12.3 

11.1 

13.7 




Woody tree trim- 
mings 

6.8 

4.6 

5.3 




Compost, initial 

11.6* 

7.9 

9.5 

9.5 



Compost, 30 days... 

16.7 

5.9 

7.6 

14.4 

47 

34 ' 

Compost, 264 days. . . 

23.5 

4.3 

6.1 

22.1 

72 

57 


Salt hay 


Salt hay, initial 

11.1* 

15.9 

18.4 




Compost, 30 days. . . 

9.1 

10.6 

12.3 


33 

negligible 

Compost, 70 days... 

10.8 

7.7 

9.2 


50 

negligible 

Compost, 120 days... 

10.4 

8.6 

10.3 


44 

negligible 


Lowmoor peat and timothy hay 


Peat 

13.3 

1.7 

2.4 




Hay 

5.4 

20.2 

23.0 




Compost, initial 

10.9 

7.3 

8.6 

8.6 

t 


Compost, 30 days... 

17.5 

3.5 

4.7 

14.8 

68 

42 

Compost, 70 days. . . 

20.4 

4.0 

5.0 

17.9 

72 

52 

Compost, 120 days. . . 

21.6 

4.7 

6.7 

19.5 

66 

56 


* Includes ash and fertilizer salts. 


period. It is believed that the discrepancy is due to faulty sampling, whereby 
material having ash content greater than that representative of the compost as a 
whole was taken for the analyses. 

These results and those previously reported (51) give no indication that well- 
composted material becomes enriched in B-vitamins through microbial action. 
On the contrary, they indicate that the vitamins are readily decomposed and that 
a large portion of the vitamin content of plant materials disappears during attack 
by mixed populations of microorganisms under aerobic conditions. 

Effects of aerobic and anaerobic conditions on vitamin transformations 

The six small composts incubated in the laboratory were studied next. The 
aerobic organic materials acquired a musty odor. Within a week, considerable 
amounts of ammonia were evolved by the grass and the straw-grass mixture due 
to the high nitrogen content of the grass from which the composts were prepared. 
Decomposition was rapid in all cases but more so with the aerobic materials ; the 
grass decomposed most rapidly, and the straw, most slowly. The anaerobic 
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materials showed various evidences of active decomposition: all had putrid 
odors, the odor of volatile organic acids was noticeable in the straw, and gas 
evolution was prominent in all three materials but in the straw there appeared 
to be more gas and the period of active gas production was prolonged. The 
anaerobic straw had a bleached, fresh-straw color throughout the experiment 
except for the material at the surface which was in contact with the air. Even 

TABLE 2 


Changes in vitamin content of decomposing straw 




RIBOEEAVIN* 

PANTOTHENIC ACID* 

NICOTINIC ACID* 

TIME 

ASH 

CONTENT 

DRY 

BASIS 

From 

assay 

Calculated, 
assuming no 
loss or gain 
during 
decqmpo- 
sitiont 

Gain or 
loss(— ) 
during 
decom- 
position 

From 

assay 

Calculated, 
assuming no 
loss or gain 
during 
decompo- 
sitionf 

Gain or 
loss(— ) 
during 
decom- 
position 

From 

assay 

Calculated, 
assuming no 
loss or gain 
during 
decom- 
positionf 

Gain or 
loss(—) 
during 
decom- 
position 

days 

per cent 

7 

7 

7 

7 

7 

7 

7 

7 

7 


Aerobic 


0 

9.1 

2.0 

2.0 

0 

2.5 

2.5 

0 

8.6 

8.6 

0 

1 

10.6 

2.9 

2.0 

0.9 

2.7 

2.5 

0.2 

10.0 

8.6 

1.4 

7 

11.2 

11.3 

2.3 

9.0 

2.8 

2.8 

0 

32.3 

9.9 

22.4 

20 

15.5 

6.9 

3.2 

3.7 

4.3 

4.1 

0.2 

24.5 

14.1 

10.4 

44 

18,0 

6.2 

3.9 

2.3 

4.7 

4.9 

-0.2 

20.3 

17.0 

3.3 

72 

24.4 

6.4 

5.6 

0.8 

5.9 

6.9 

-1.0 

32.0 

24.3 

7.7 

127 

27.2 

4.0 

6.4 

-2.4 

3.1 

7.9 

-4.8 

18.7 : 

27.9 

-9.2 

153 

27.2 

3.1 

6:4 

-3.3 

5,0 

8.0 

-3.0 

16.3 

28.2 

-11.9 

167 

27.7 







19.0 

28.7 

-9.7 

Anaerobic 

0 

9.1 

2.0 

2.0 

0 i 

2.5 

2.5 

0 

8.6 

8.6 

0 

1 

9.3 

2.7 

2.0 

0.7 

0.14 

2.5 

-2.36 

9.5 

8.6 

0.9 

7 

9.7 ^ 

2.0 

2.1 

-0.1 

0.80 

2.6 

-1.8 

4.2 

9.1 

-4.9 

20 

9.9 

2.1 

2.1 

0 

1.1 1 

2.7 

-1.6 

4.1 

9.3 

-5.2 

44 

11.1 

1.9 

2.4 

-0.5 

2.7 

3.0 

-0.3 

9.0 

10.5 

-1.5 

72 

13.6 

2.9 

3.3 

-0,4 

1.2 

4.1 

-2.9 

7.4 ! 

14.3 

-6.9 

127 

17.5 

4.0 

4.7 

-0.7 

1.3 

5.8 

-4.5 

7.8 

20.5 

-12.7 

153 

17.6 

3.3 

4.3 

-1.0 

1.2 

5.3 

-4,1 

7.3 

18.7 

-11.4 

167 

20.5 







11.2 

24.5 

-13.3 


* Per gram of dry and ash-free material. 

t Calculated from loss of total organic matter during decomposition. 

this darkened material became bleached after being mixed with the submerged 
substance. The organic materials that were kept moist and aerobic had none of 
the offensive odors that characterized the anaerobic materials. 

Some of the results obtained with the straw compost are presented in table 
2 and figure 1. Three kinds of data are shown in the figure: the percentage 
decomposition of the total organic matter exclusive of the ash constituents; the 
amounts of riboflavin, pantothenic acid, and nicotinic acid in the ash-free or- 
ganic matter at each assay period; the percentage increase or decrease in vitamin 
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content at each assay period in terms of the initial vitamin content. The incuba- 
tion periods for the graphs in the right hand portion of the figure are the same as 
those in the table. The columns which are directly above one another I'efer to 
the same incubation periods. 

The straw decomposed appreciably faster under aerobic conditions than under 
anaerobic conditions, and the most rapid loss occurred during the first month or 
two. The aerobic straw showed little change after 80 days, whereas the 
anaerobic straw continued to show considerable loss even after 120 days and it was 
evolving gas in appreciable amounts after incubating for well over 7 months. 



100 150 

TIME- DA vs 

Fig. 1. Changes in the Vitamin Content op Decomposing Wheat Straw 
For incubation periods for figures on the right, see table 2 


There was pronounced increase in ash content as decomposition progressed. 
The ash content of the aerobic material tripled and that of the anaerobic material 
doubled in 5 months (table 2). 

The graph on vitamin content indicates the course of the changes. If the 
vitamins had decomposed at the same rate as the total organic matter, there 
would have been no increase or decrease from the initial values. An increased 
vitamin content indicates either a rate of synthesis exceeding decomposition or a 
slower rate of decomposition than that of the total organic matter. Decrease 
in vitamin content indicates more rapid decomposition of the vitamin than of the 
total organic matter. The extent of the increases and decreases are more evident 
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from the percentage changes shown in the lower graph on the right side of the 
figure. 

The data on changes in vitamin content show that the aerobic composts con- 
sistently contained larger amounts of the three vitamins than the anaerobic com- 
posts. There appears to have been a trend toward first an initial increase in 
vitamin content of the residual organic matter and a decrease in the later periods, 
but this is not so apparent in the straw as in the grass or in the straw-grass mix- 
ture. The anaerobic materials showed erratic behavior: whereas there was 
little change in the riboflavin and the nicotinic acid, there was a pronounced 
decrease in the pantothenic acid; peculiarly, there was not a consistent course of 
change in any of the three vitamins in the anaerobic composts. The explanation 
for the immediate almost complete loss of pantothenic acid in the anaerobic straw 
is not known. 

Turning now to the percentage gains and losses, one sees at once that there 
were large increases in riboflavin and nicotinic acid in the aerobic straw. The 
increase in nicotinic acid was actually greater than the increase in riboflavin, 
but on the percentage basis the increase in riboflavin was greater. In the 
anaerobic straw there were variable but small changes in riboflavin and appreci- 
able losses in pantothenic acid and nicotinic acid. Even though decomposition 
of the total organic matter was more rapid under aerobic conditions, loss of the 
vitamins was less rapid under aerobic than under anaerobic conditions. It is 
apparent that decomposition of the organic matter as a whole and transformation 
of the vitamins followed dissimilar courses. Whereas there was progressive loss 
of total organic matter, at first rapid and then slow, the amounts of riboflavin 
and nicotinic acid actually increased rapidly at first and then decreased as rapidly 
until there were net losses in all cases at the end of the composting period. In 
all but one case the vitamin content of the composted material at the end of the 
experiment (167 days) was somewhat greater than it was initially, but actually 
vitamin loss had occurred in all six cases even though the initial content of the 
straw was very low. 

No evidence was obtained that the straw composts ever became strongly 
alkaline or acid. Thus it is unlikely that any of the changes in the vitamins were 
the direct effects of acids or alkalies. Nevertheless considerable increases and 
decreases in vitamin content occurred, and it seems likely that they resulted 
from the synthetic and destructive activities of microorganisms. 

The results obtained from decomposing grass are included in table 3 and figure 
2. This was young grass that had grown rapidly and was very succulent when 
harvested. It was dried and ground and stored for several weeks before being 
used. The results show that it decomposed vith remarkable speed. Under 
aerobic conditions about 25 per cent had decomposed in 1 week and nearly 60 
per cent in a month. There was little change after a month and a half. The 
anaerobic material also decomposed rapidly but at a slower rate than the aerobic 
grass. At the last period, 146 days, both materials showed 75 per cent 
decomposition. 

As shown by table 3 and figure 2 the initial vitamin content of the grass was 
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high, in comparison with the straw and there was considerably more nicotinic 
acid than riboflavin or pantothenic acid. Even though the grass contained large 
amounts of the vitamins, both an apparent and a real increase occurred in all 
three vitamins under both aerobic and anaerobic conditions in the early stages 
of decomposition. Although the increases were small in most cases, between 15 
and 50 per cent, the pantothenic acid content of the aerobic grass showed a gain 
of as much as 197 per cent at the 6-day period. The course of the vitamin changes 
of the grass composts were much more nearly similar than were those of the pre- 
viously discussed straw composts. It is of interest that the changes were similar 



TIME- DAYS 

Fig. 2. Changes in the Vitamin Content of Decomposing Grass 
For incubation periods for figures on the right, see table 3 

under both aerobic and anaerobic conditions. Whereas vitamin synthesis ex- 
ceeded vitamin decomposition during the first 1 to 3 weeks, the opposite was true 
when the decomposition period was prolonged. In most cases there was either 
\dtamin increase or slower rate of vitamin loss than decomposition of the total 
organic matter in the early stages of decomposition, whereas subsequently there 
was greater loss of vitamins than of total organic matter. Consequently, at 
the end of the incubation period, all of the residues had lower amounts of the 
three vitamins than they had initially; the loss during 146 days of composting 
was between 78 and 90 per cent, whereas the loss of total organic matter was / 5 
per cent. This is in sharp contrast to the straw, which bad somewhat greater 
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vitamin content in the final composts than in the initial material. It seems 
probable that the difference is associated with the differences in initial vitamin 
contents of the materials. Where the initial content was low, it may have been 
insufficient to satisfy the vitamin requirements of the microbial cells of which the 
synthesis during growth kept pace with decomposition. Where the initial vita- 
min content was high, it should have been in excess of the amounts required for 
cell development, and the unassimilated portion, which would otherwise have 

TABLE 3 


Changes in vitamin content of decomposing grass 





RIBOFLAVIN 


PANTOTHENIC ACID* 

NICOTINIC ACID* 

TIME 

ASH 

CONTENT, 

DRY 

BASIS 

From 

assay 

Calculated, 
assuming no 
loss or gain 
during 
decom- 
positiont 

Gain or 
loss(— ) 
during 
decom- 
position 

From 

assay 

Calculated, 
assuming no 
loss or gain 
during 
decom- 
positiont 

Gain or 
loss(— ) 
during 
decom- 
position 

From 

assay 

Calculated, 
assuming no 
loss or gain 
during 
decom- 
positionf 

I 

Gain or 
loss(— ) 
during 
decom- 
position 

days 

pet cent 

1 

7 

7 

7 

7 

7 

7 

7 

7 

7 


Aerobic 


0 

12.8 

29.2 

29.2 

0 

16.3 

16.3 

0 

72.0 

72.0 

0 

1 

13.4 

22.2 

29.5 

CO 

1 

20.0 

16.5 

3.5 

84.7 

72.8 

11.9 

6 

17.7 

51.5 

38.6 

12.9 

64.2 

21.6 

42.6 

96.0 

95.1 

0.9 

19 

26.7 

52.5 

55.1 

- 2.6 

34.6 

30.1 

4.5 

70.2 

135.8 

- 65.6 

48 

32.5 

18.9 

92.1 

- 73.2 

31.0 

51.5 

- 20.5 

29.3 

227.1 

- 197.8 

81 

35.4 

12.6 

106.2 

- 93.6 

18.1 

59.3 

- 41.2 

12.8 

261.8 

- 249.0 

126 

35.9 

7.6 

125.3 

- 117.7 




16.5 

308.9 

- 292.4 

146 

35.8 

10.4 

116.8 

- 106.4 

14.2 

65.2 

- 51.0 

16.4 

278.9 

- 271.5 


Anaerobic 


0 

12.8 

29.2 

29.2 

0 

16.3 

16.3 

0 

72.0 

72.0 

0 

1 

13.1 

34.3 

29.4 

4.9 

20.0 

16.4 

3.6 

107.6 

72.4 

35.2 

6 

13.4 

30.8 

31.9 

- 1.1 

14.4 

17.8 

- 3.4 

93.1 

78.6 

14.5 

19 

16.4 

31.1 

38.5 

- 7.4 

27.5 

21.5 

6.0 

87.0 

95.0 

- 8.0 

48 

22.7 

27.9 

57,3 

- 29.4 

15.9 

32.0 

- 16.1 

23.9 

141.1 

- 117.2 

81 

27.8 

36.7 

80.9 

- 44.2 

12.1 

45.2 

- 33.1 

21,4 

199.4 

- 178.0 

126 

32.2 

12.2 

106.2 

- 94.0 

5.7 

59.3 

- 53.6 

18.7 

261,8 

- 243.1 

146 

34.5 

21.3 

116.8 

- 95.5 

8.5 

65.2 

- 56.7 

21.5 

287.9 

- 266.4 


* Per gram of dry and ash-free material. 

t Calculated from loss of total organic matter during decomposition. 


been large at the periods of advanced decomposition, was destroyed by the 
microorganisms. If this was the case, the results indicate that unassimilated 
vitamins are readily decomposed by some members of the mixed population and 
that the vitamin material that was recovered from the composting materials was 
largely that contained in the microbial cells. 

The aerobic and anaerobic materials showed no consistent differences in 
changes in vitamin content. Though the loss of pantothenic acid was somewhat 
more rapid under anaerobic than under aerobic conditions, decomposition of 
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nicotinic acid and riboflavin was less rapid in the anaerobic grass at most of the 
test periods. 

The straw-grass mixtures decomposed at rates intermediate between those of 
the two previously discussed materials. Decomposition was rapid during the 
first 40 days and then became slower (table 4 and figure 3). 


* 



TABLE 4 


ChdTiges in vito/min content of a decomposing stvciw-gTass mixtuTc 





RIBOFLAVIN 

4> 

PANTOTHENIC ACID* 

NICOTINIC ACID* 

TIME 

ASH 

CONTENT, 

DRY 

BASIS 

From 

assay 

Calculated, 
assuming no 
loss or gain 
during 
decom- 
positiont 

Gain or 
loss(— ) 
during 
decom- 
position 

From 

assay 

Calculated, 
assuming no 
loss or gain 
during 
decom- 
positionf 

Gain or 
ioss(— ) 
during 
decom- 
position 

From 

assay 

Calculated, 
assuming no 
loss or gain 
during 
decom- 
positiont 

Gain or 
ioss(— ) 
during 
decom- 
position 

days 

per cent 

7 

7 

1 

7 

7 

7 

7 

7 

7 

7 


Aerobic 


0 

8.4 

14.9 

14.9 

0 

9.1 

9.1 

0 

38.8 

38.8 

0 

1 

8.6 

16.3 

14.9 

1.4 

11.5 

9.1 

2.4 

57.6 

38.8 

18.8 

7 

10.8 

32.1 

19.2 

12.9 

53.2 

11.6 

41.6 

1 64.0 

49.8 

14.2 

20 

13.8 

11.0 

25.0 

- 14.0 

18.9 

15.3 

3.6 

20.8 

65.0 

- 44.2 

40 

18.2 





i 


44.4 

' 95.8 

— 51.4 

54 

18.9 

12.1 

38.8 

- 26.7 

6.2 

23.5 

- 17.3 

22.1 

100.8 

- 78.7 

76 

23.0 

12.2 

49.6 

- 37.4 

8.5 

30.1 

- 21.6 

35.0 

128.9 

- 93.9 

130 

26.0 

12.6 

59.5 

- 46.9 

7.1 

36.1 

- 29.0 

41.4 

154.5 

- 113.1 

145 

27.6 

11.2 

63.3 

- 52.1 

6.9 

38.4 

- 31.5 

34.9 

164.4 

- 129.5 


Anaerobic 


0 

8.4 

14.9 

14.9 

0 

9.1 

9.1 

0 38.8 

38.8 

0 

1 

8.5 

12.2 

14.9 

- 2.7 

9.2 

9.1 

0.1 53.3 

38.8 

14.5 

7 

8.8 

12.2 

15.4 

- 3.2 

11.9 

9.3 

2.6 46.2 

40.0 

6.2 

20 

10.7 

12.0 

18.2 

- 6.2 

15.7 

11.0 

4.7 34.6 

47.3 

- 12.7 

40 

12.9 






19.7 

60.2 

- 40.5 

54 

12.8 

17.2 

23.4 

- 6.2 

8.9 

14.2 

- 5.3 14.3 

60.8 

- 46.5 

75 

14.2 

17.9 

26.6 

- 8.7 

3.9 

16.1 

- 12.2 6,8 

69.0 

- 62.2 

130 

19.1 

9.2 

40,0 

- 30.8 

1.9 

24.3 

- 22.4 13.4 

104.0 

- 90,6 

145 

19.3 

7.9 

34.2 

- 26.3 

2.1 

20.8 

- 18.7 10.3 

89.0 

- 78.7 


* Per gram of dry and ash-free material. 

t Calculated from loss of total organic matter during decomposition. 


The changes in vitamin content of the straw-grass materials were similar to 
those of the grass. The vitamin content of all of these composts was greater at 
some stages of decomposition than at the start, and during the first few days 
there were actual increases in the total vitamin content, with the exception of 
riboflavin in the anaerobic compost. After the initial gain, a loss occurred, and 
in most cases the decrease was greater than 50 per cent after the first 2 months. 
Increases in vitamin content (micrograms per gram) were relatively small after 
the first week, indicating that the vitamins decomposed more rapidly than the 
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total organic matter. All of the results from the straw-grass and grass materials 
are nearly enough alike to justify the following generalization: When mixed 
microbial populations attack readily decomposable plant materials containing moder- 
ate to large amounts of certain B-vitamins there is at first an increase or a small loss 
of the vitamins and this is followed by rapid loss leading to the formation of organic 
residues with vitamin content lower than that of the initial plant materials. This 
generalization does not apply to straw, which had a low initial vitamin content. 
The effects of microorganisms on other vitamins than the three studied is un- 
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Fig. 3. Changes in the Vitamin Content op a Decomposing Mixture of Wheat Straw 

AND Grass 

For incubation periods for figures on the right, see table 4 


known, but it is possible that many of the \dtamins of the B-complex would show 
similar changes since they are required for development of microorganisms and 
are assimilated, synthesized, and excreted to different degrees by these organisms. 
It may be expected that vitamins such as carotene and ascorbic acid, which seem 
not to be required by microorganisms, would show different changes. With 
such materials it is possible that decomposition is progressive, the rate of change 
being determined by the susceptibility of the vitamins to decomposition and to 
alteration by environmental effects* 

The relative vitamin changes in the composts are indicated in table 5. In 
only one of six cases did the vitamin content of straw decrease, whereas an iilti- 




B VITAMINS IN DECOMPOSING ORGANIC M^VITER 


261 


mate decrease due to decomposition occurred in all cases with the grass and straw- 
grass composts. This indicates that the vitamin contents of various organic 
materials tend to become more nearly alike as decomposition proceeds. In 
other words, the vitamin content of vitamin-rich materials tends to decrease and 
that of vitamin-poor materials tends to increase with prolonged decomposition. 
It is apparent, however, from the results discussed above that the relationships 
were quite different at the early periods of composting. 

It has been intimated in the preceding discussion that there w^ere changes in 
reaction during composting. This suggests the possibility that reaction may 
have had a direct effect on the vitamins, since some vitamins are destroyed by 
alkaline solutions. The reaction changes in the composts are shown in table 6. 

TABLE 5 


Relative amounts of vitamins in organic materials before and after decomposition 
(The vitamin content of the plant material containing initially the greatest amount of the 

vitamin is taken as 100) 



i 

RIBOFLAVIN 

1 PANTOTHENIC ACID 

NICOTINIC ACID 

ORGANIC MATERIAL 



i 



Before [ After 

Before 

After 

Before j After 


Aerobic 


Straw 

Grass 

Straw-grass 

7 

100 

61 

11 

36 
j 38 

15 

; 100 

55 

31 

87 

42 

12 

100 

54 

26 

23 

49 

Anaerobic 

Straw 

7 

11 

15 

7* 

12 

16 

Grass 

100 

73 

100 

52 

100 

30 

Straw-grass 

51 

27 

55 

13 

54 

14 


* This is the one exception where the vitamin content of the straw was lower at the end 
of the composting period than initially. In all cases the vitamin content of the grass and 
grass-straw composts was lower after composting. 


These data show that the straw was not strongly alkaline at any time, but 
the aerobic grass and straw-grass materials had reactions between pH 8.0 and 
9.0 at most of the test periods. These reactions were high enough to liberate free 
ammonia, and the materials had a strong ammoniacal odor during the first few 
weeks. It is possible that the reaction was responsible in part for the loss of 
riboflavin and pantothenic acid but it seems unlikely that it was the dominant 
factor for the following reasons: The reactions of the grass and straw-grass com- 
posts were strongly alkaline at the early stages of decomposition when riboflavin 
and pantothenic acid increased. These two \itamins passed through a similar 
course of change under both aerobic and anaerobic conditions, but the reactions 
of the anaerobic materials were not strongly alkaline at any of the test periods. 
Changes in nicotinic acid were much the same as those for the othertwo vitamins, 
but nicotinic acid is not sensitive to alkahnity, whereas both riboflavin and panto- 
thenic acid are broken down by strong alkalies. Proof is lacking that similar 
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factors were concerned with the changes of the three vitamins, but the similarities 
of the data suggest that the increases and decreases were due to microbial de- 
velopment, and that reaction had little if any effect on these changes. 

TABLE 6 


Changes in reaction during decomposition of organic materials 


INCUBATION 

AEROBIC 

ANAEROBIC 

days 

pH 

P 3 

Straw 

7 

6.2 

5.9 

20 

7.1 

5.9 

44 

7.3 

6.7 

72 

5.7 

5.9 

127 

6.2 

6.8 

153 

6.0 

7.0 

167 

6.0 

7.2 

Grass 

1 

8.2 

5.7 

6 

8.6 

5.3 

19 

8.1 

5.5 

48 

8.1 

6.4 

81 

9.1 

7.8 

146 

8.6 

7.7 

Straw-grass 

1 

6.3 

5.8 

7 

8.7 

5.2 

20 

8.7 

5.2 

40 

8.5 

6.5 

54 

7.0 

5.7 

75 

9.4 

7.7 

130 

9.0 

6.5 

145 

9.0 

7.3 


DISCUSSION 



Limitations of the results 



Numerous factors may have affected the accuracy and significance of the re- 
sults. There was an error in sampling inherent in heterogeneous materials. 
Particular difficulty was encountered in obtaining representative samples of the 
wet anaerobic materials. Some of the inconsistencies, particularly those with the 
straw, are believed to have been caused by sampling difficulties. Of no less 
importance was the limitation of the extraction procedure. Material for ribo- 
flavin assays was extracted with O-liV HCl at 15 pounds’ steam pressure for 30 
minutes. The extracts for assays of the other two vitamins were made with 
water at neutrality, heated as above. The cooled mixtures were adjusted to 
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neutrality, made to volume, and centrifuged. The supernatant liquid was used 
for the assays. Possibly the vitamins were not recovered with the same degree 
of completeness from the various composts. It is to be further emphasized that 
these studies w^ere made on very complex mixtures of organic materials which 
were being continuously changed by decomposition. Possibly materials were 
present that activated, inactivated, or substituted in part for the vitamins, thus 
giving results that did not truly indicate the vitamin content of the material 
being analyzed. It is not possible to assess the effects of these factors, but it is 
not believed that they appreciably affected the trends of the results. 

It is tempting to generalize about other vitamins of the B-complex on the 
basis of the results on riboflavin, pantothenic acid, and nicotinic acid. These 
are, however, only three of numerous vitamins having different chemical char- 
acteristics. There is reason to believe that they are as a whole unstable, since 
it is because of their chemical reactiveness that they serve as vitamins. Further- 
more, the^^ occur in the soft growing tissues of plants which are readily decom- 
posed, and the vitamins therefore lack the protection afforded some structural 
components of plants by incrusting materials. 

Vitamin synthesis 

There is abundant evidence that vitamins are produced by microorganisms. 
In fact, some organisms produce vitamins in such abundance that they can serve 
for commercial vitamin production. Burkholder reported (9) that, under cer- 
tain cultural conditions, Candida guilliermondia produced so much riboflavin 
that crystalline riboflavin accumulated in the medium. Foster (17) reported that 
he had an organism with the remarkable ability of producing riboflavin in 
amounts exceeding those of the microbial cells. As regards the synthesis of 
vitamins by microorganisms and the availability of the vitamins to associated 
organisms, the results of Thompson are particular^ significant (55). He found 
that considerable amounts of various B-vitamins W'Cre excreted by bacteria into 
their substrate, and the amounts excreted frequently exceeded the amounts 
contained in the cells. Furthermore, vitamin synthesis w^as not appreciably 
affected when large amounts of vitamins w^ere included in the medium. 

Some evidence concerning the bacterial excretion of riboflavin has been ob- 
tained in the author’s laboratory from studies with cultures of Azotobacter, 
These cultures w’-ere growm on nitrogen-free media containing 1.5 per cent dex- 
trose. The following results wme obtained with cultures wdiich made fair to 
good grow' th during the 10 days preceding analysis for riboflavin : 


■ ■ ■ 'CULTUIRE . 

PIGMENTATION 

Micrograms 
per ml., 
total culture 

RIBOFLAVIN 

Micrograms 
per ml., centri- 
fuged liquid 

■ Per cent 
. excreted 

Uninoculated 


<0.001 

<0.001 


Az. agile . . ..... ... .... 

None 

0.25 

■ '0.21 "■ i 

; ' 84 

Az. chroococcuni ......... 

None 

. 0.22 ' 

0.13' 

,59, 

Az. vinelandii. ... ....... 

Fluorescent green 

0.34 

„ 0.24'' 

■ 71 
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These results are similar to those of Thompson in that they show that a large 
portion of the synthesized vitamin may be recovered outside the microbial cells. 
These cultures produced several times the amounts of riboflavin mentioned 
above when the medium contained ethanol in place of glucose. 

Synthesis of vitamins is so common among microorganisms that there can be 
no doubt that vitamins exist in soils. Some of the evidence regarding the occur- 
rence of B-vitamins in soils has been discussed in the introduction of this paper. 
As regards the vitamin content of soils, little is known other than that vitamins 
are present in soil, that they occur in greater amounts in soils well provided with 
organic matter than in infertile soils, and that they are concentrated near the 
soil surface. This is what would be expected, since the vitamins in soils are 
known to occur in plant residues and are produced by microorganisms that 
attack these residues. Whether or not the vitamins occur principally in the 
free or in the bound state has not been established. Furthermore, no information 
has yet been obtained regarding the influences of abundance and types of micro- 
organisms in soil on vitamin content or the direct and indirect effects of higher 
plants through roots during periods of growth or through the organic residues 
after death of the plants. Interesting and significant relationships doubtless 
exist. The results obtained from the compost studies can serve as a basis for 
speculations regarding the relationships, but more specific information is re- 
quired to establish the conditions that actually exist. 

Absorption of vitamins by higher plants 

If it is assumed that vitamins occur in soils in the free state, it is important to 
establish whether or not higher plants are able to absorb them. The studies on 
cultivation of excised plant roots are of particular interest in this connection. 
The results of Robbins (36), White (60, 61), Bonner (2, 4, 6), and others on 
cultivation of excised plant roots clearly indicate the ability of roots to absorb 
various organic materials including vitamins. In fact, some roots require pre- 
formed thiamine, nicotinic acid, or pyridoxine or various combinations of these 
vitamins and possibly other as yet unidentified accessory growth substances. 
Carpenter (11) obtained evidence of absorption of riboflavin by studies of the 
vitamin content of sap of decapitated plants. When such plants were kept in 
solutions containing riboflavin, the plant sap contained many times as much 
riboflavin as the sap from plants in vitamin-free solutions. Von Hausen (21, 22) 
reported that peas grown in solutions containing vitamin G made more growth 
and contained larger amounts of ascorbic acid than the control plants. 

The fact that plants are able to absorb vitamins from soil provides no indica- 
tion of the amount of absorption which occurs when the plants are grown under 
farming conditions, but the possibility exists that absorption occurs. Even 
though vitamins are absorbed from the soil, it may be that the plant profits no 
more from the material so derived than from that provided by the aerial part 
of the plant. 
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Microorganisms in the rhizosphere 

In any consideration of the influences of soil-contained vitamins on plant 
development, the importance of microorganisms should not be overlooked, since 
both vitamin synthesis and vitamin decomposition are closely associated with 
microbial development. There are two principal centers of extensive microbial 
growth in soil, one of which is plant residues and the other the rhizosphere. It 
seems probable that the latter is of particular importance. It has been shown 
that plant roots support an abundance of microorganisms (50). As producers 
of vitamins in direct contact with the absorbing system of the plant, it is reason- 
able to expect that the rhizosphere organisms have a greater effect than the 
microorganisms developing at some distance from the root surfaces. The prob- 
ability gains weight in the light of the results obtained from the compost studies 
which indicate that vitamins are readily decomposed. Unless the roots are 
close to the regions where the vitamins are produced, the 'vdtamins might not 
persist long enough to become absorbed. 

Influence of vitamins upon development of higher plants 

Many attempts have been made to establish whether or not higher plants are 
favorably affected by an external supply of vitamins. These studies have 
3 delded many conflicting reports and, by careful selection of the published data, 
one could present considerable evidence to show that development of higher 
plants is favored by vitamin treatment; on the other hand, by similar treatment 
of the data, a stronger case could be developed on the thesis that vitamin treat- 
ment has no appreciable influence on plant development. A comprehensive 
discussion of the subject would be out of place here, but reference to some of the 
results will serve to indicate the trends in development of the subject. 

Attention has been directed to two different effects that vitamins might have 
on plant development: change in the vitamin content of plants w'here there are 
differences in the amounts of the vitamins in the external medium; changes in 
plant growth, such as overall development, rooting, or flowering in response to 
vitamin treatment. 

The results of Bottomley and Mockeridge [see Schopfer (45)], which are 
frequently cited, led to the conclusion that development of higher plants is 
stimulated by organic substances of microbial origin. It w^as even assumed that 
these accessory growth substances were necessary for maximum plant develop- 
ment. Whereas the value of organic matter as a source of mineral plant nutri- 
ents is generally recognized, it was the opinion of Clark (12, 13, 15), Wolfe (62), 
and others that accessory growth substances were not required by higher plants 
and that organic substances had no effect when plants were growm in properly 
balanced mineral solutions. Viswanath (56) reported that organic manures in- 
creased yields over those obtained from mineral fertilizers and the seeds of plants 
treated with the manures had greater vitality and produced superior plants. 
McCarrison reported that the seeds of manured plants had higher vitamin con- 
tent (30, 31). These unusual claims did not pass unnoticed. Some results 
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confirmed those of Viswanath and McCarrison. It was reported, for example, 
by Rowlands and Wilkinson (38) that seeds from manured soils had greater 
amounts of vitamins, which were believed to be derived from the soil. Hartley 
and Greenwood (20) found that small amounts of farmyard manure increased 
growth of cereal crops out of proportion to their contribution of plant nutrients. 
On the other hand, more convincing evidence has been presented in support of 
the idea that organic manures have little or no characteristic effect on the \dta- 
min content of plants. Harris (19) and Leong (25) found no appreciable dif- 
ferences in the thiamine content of grains from manured and mineral-fertilized 
soils of the Rothamsted plots. It was noted by Clark (14) that certain plants 
which had been grown in absence of microorganisms for many generations had 
virtual^ the same content of vitamin A as the same kind of plants grown under 
nonsterile conditions. Extensive studies were carried out by Scheunert and 
associates on the effects of animal manures and mineral fertilizers on the vitamin 
content of cereal grains and vegetables. These results indicated that the type 
of fertilizer treatment had little or no effect on the amounts of thiamine, vitamin 
A, or vitamin C in the plants (39, 40, 41, 42, 43, 44). 

Particular interest in the influence of thiamine on plant growth followed the 
publication of results by Bonner and Greene (3, 5), shoving that many plants 
and cuttings made much better development when they were provided with an 
external source of the vitamin. Dennison subsequent!}^ reported that riboflavin 
increased growth of eggplant and that vitamin C increased growth of tobacco 
(16). Hitchcock and Zimmerman observed a thiamine response of asters grown 
in composted soil which suggested that the vitamin was beneficial under condi- 
tions of limited nutrient supply (23) ; when the plants were cultivated in fiats 
there was definite response to thiamine, but no such response was observed when 
the plants were grown in pots. According to McBurney, Bollen, and Williams 
(29), pantothenic acid had a favorable effect on growth of uninoculated alfalfa, 
and these workers concluded that the symbiotic bacteria favor development of 
the legumes not alone through their relationships with the nitrogen-fixing 
mechanism but also by providing a source of needed pantothenic acid. 

Subsequent studies have shown that the optimism generated by the early 
reports was unjustified. Bonner altered his earlier position and asserted that 
the popular notion that thiamine promotes growth of horticultural plants is 
untenable (7). Arnon noted no benefit from thiamine on various plants grown 
in culture solutions under carefully controlled conditions (1). Hamner (18) 
likewise observed no beneficial effects under conditions of varied nutrient supply. 
Hitchcock and Zimmerman failed to verify the results of others that thiamine 
had favorable effects on rooting of cuttings (23). Negative results were also 
reported for vegetables grown in sand culture and treated with thiamine, ribo- 
flavin, and pyridoxine (33), Many tests have been made with several vitamins 
on vegetables, grasses, flowering plants, and trees under a variety of soil condi- 
tions, and in virtually all cases there were no apparent beneficial effects. The 
conclusion of Siddappa and Subrahmanyan (47) that plants fail to respond to 
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organic materials when all the necessary minerals are available is shared by 
many. 

Although it cannot be asserted without qualification that plants do not benefit 
from an external source of vitamins, most of the recent evidence supports this 
point of view. According to Maynard (32), genetic and climatic factors have 
much greater effects on the vitamin content of plants than do soil factors. More 
fundamental studies are needed before it will be possible properl}?' to evaluate the 
importance of such soil-contained organic materials as vitamins, auxins, and 
related substances in development of higher plants. The possibility that idta- 
mins and other organic substances contained in soils and originating from micro- 
bial development have important effects on higher plants has not been elimi- 
nated (8) and justifies careful study, particularly since exaggerated claims have 
been made of benefits to be derived from such substances. It seems apparent 
from recent studies, however, that the likelihood of obtaining superior plants 
simply as a result of adding vitamins to soils is remote. 

Plant residues as sources of vitamins 

In the preceding discussion evidence has been presented to show that vitamins 
are synthesized by microorganisms, that they occur in soils, and that they can 
be absorbed by higher plants. They are, however, susceptible to rapid destruc- 
tion by mixed populations of microorganisms such as exist in soil, but it is likely 
that, at least under certain conditions, the soil pro\ddes a supply of vitamins to 
growing plants. Whether or not plants utilize such vitamins and profit from 
them has not been established. 

The studies on composting organic matter suggest the nature of the changes 
which take place during decomposition of organic matter incorporated in soil. 
It is probable that considerable amounts of vitamins are synthesized, at least 
during early stages of decomposition, but, in view of the temporary persistence 
of the vitamins, a considerable portion of the substances s^mthesized, following 
incorporation of green manures, cover crops, and similar plant residues, may be 
dissipated by the time crops are suflaciently established to make use of these 
substances. Contrary to the frequently expressed opinion, well-composted 
material is a poorer source of certain vitamins than are fresh plant residues. 
Consequently, if organic matter has any value as a source of these vitamins for 
plant development, it should be more effective in this regard if decomposition 
takes place in the soil coincident with plant development. 

summary 

The nicotinic acid content of certain plant residues varied from 2.4 to 85 7 
per gram (on the dry basis) ; most residues contained less than 30 7 * The nico- 
tinic acid content was greater than that of pantothenic acid or riboflavin. The 
vitamin content was low in residues containing large amounts of structural tissue. 
Nicotinic acid decomposed in composts prepared from various plant residues and, 
during the latter stages of composting, the rate of loss was greater than that of 
the total organic matter. 
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Changes in the amounts of riboflavin, pantothenic acid, and nicotinic acid in 
composts of wheat straw, grass, and a straw-grass mixture were also determined. 
During the first week or two of composting an actual increase in vitamin con- 
tent was generally noted accompanying the rapid initial microbial development. 
As decomposition of the organic matter progressed, vitamin content markedly 
decreased. Materials that initially had high vitamin content lost a large part 
of the mtamins, and the well-composted materials had lower vitamin content 
than the plant substances from which the composts were prepared. The per- 
centage losses were lower with plant materials that initially contained small 
amounts of vitamins. The composting materials tended to become alike in 
vitamin content, irrespective of their initial vitamin contents. 

Decomposition of the total organic matter was slower under anaerobic than 
under aerobic conditions, and there w’ere not so great increases in vitamin con- 
tent during early stages of decomposition and somewhat greater percentage 
losses after prolonged composting. The general order of the changes was similar, 
however, under both aerobic and anaerobic conditions. In some cases the 
vitamin content increased 200 to 300 per cent during the first Aveek or two of 
composting. 

The importance of vitamins in plant development and the relationships of 
microorganisms to the vitamin content of soils was discussed. 
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EFFECT OF MEDIA COMPOSITION ON THE NUMBERS OF 
BACTERIAL AND FUNGAL COLONIES 
DEVELOPING IN PETRI PLATES‘ 

L. E. TYNER2 

Canada Department of Agriculture 
Received for publication January 17, 1944 

In a recent study to determine the relative number of colonies of fungi and 
bacteria isolated from different composts of soil and crop debris, the difficulties 
usually encountered in Petri plate technique prevented accurate results being 
obtained. The main difficulty was that one or more of the fast growing colonies 
of fungi often covered the plates within 3 days, masking the more slowly growing 
colonies, and too often completely covering them. Similarly in the case of the 
bacterial dilutions, the presence of fast growing or spreading types of colonies 
made an accurate count impossible. In view of the situation, it was decided to 
investigate the effect of certain media and chemicals which might be fairly selec- 
tive and at the same time control the growth-rate of both fungal and bacterial 
colonies without inhibiting the slow-growing ones. Some of the data obtained 
are presented briefly. 


MATERIALS AND METHODS 

Eighty chemicals were tested, and from preliminary observations of these 
the treatments showing the most promise were selected for further study. The 
list of chemicals was finally narrowed to lithium oxide and boric acid. These 
two chemicals were added separately to each of two types of media in various 
concentrations as specified in table 1. 

The potato-dextrose-agar medium was made up in the proportions of 300-30^ 
15 gm. per liter. The formula by Lipman and Brown^ was used for the synthetic 
medium as follows: dextrose 10 gm., K2HPO4 0.5 gm., MgS 04 * 7 H 20 0.2 gm., 
peptone (Bacto) 0.05 gm., agar 15(20) gm., distilled ^vater to 1 liter. 

With the exception of sulfuric acid in treatments 12 and 24, \vhich was added 
just before the plates were poured, the various additions were made to the basic 
media before sterilization. The soil compost dilutions were 1 : 20,000 for fungi, 
and 1:500,000 for bacteria. One milliliter per plate ^vas added to sets of seven 
replicate plates for each treatment. Counts were made of bacteria and actino- 
mycetes or fungi 2 days after plating and on the third, fourth, fifth, and seventh 
days on any plates where counts could still be made. The data obtained are 
given in table 1. 

^ Gontribution No. 766, from the Division of Botany & Plant Pathology , Science Service, 
Department of Agriculture, Ottawa, Canada. 

2 Junior plant pathologist, Dominion Laboratory of Plant Pathology, Edmonton. 

8 Lipman, J. G., and Brown, P. E. 1910 Media for the quanti tative estimation of soil 
bacteria. Centbl. Baht. (II) 25: 447-454. 


271 


272 


L. E. TYNEE 


TABLE 1 

Relative effect of lithium oxide and boric acid on growth of bacteria, actinomycetes , and fungi 

in Petri plate culture 


NO.* 

MEDIUMf 

CHEMICALS ADDED PEE 
LITER 

DAYS AFTER PLATING 



Chemical 

gm. 

2 

3 

4 

5 ! 

1 1 


Bacteria and Actinomycetest 


1 

1 Syn. 



57 

77 

88 

136 

165 



2 

1 Syn. 

LiOa 

0.07 

50 

65 

77 

113 

164 


Large bacterial col- 

3 

1 Syn. 

Li02 

0.10 

34 

48 

68 

99 

118 


onies did not de- 

4 

Syn. 

Li02 

0.14 

19 

48 

59 

86 

106 


velop 

5 

Syn. 

LiOa 

0.18 

15 

40 

67 

87 

90j 



6 

7 

8 

9 

10 

P.D.A. 

P.D.A. 

P.D.A. 

P.D.A. 

P.D.A. 

Li02 

Li02 

Li02 

Li02 

0.07 

0.10 

0.14 

0.18 

75 

73 
69 

74 

76 

62' 

56 
44 

57 
59 





Large bacterial col- 
onies covered 

smaller ones after 
second day 


Fungi^ 


11 

Syn. 



18 

646 





12 

Syn. 

0.5 N H 2 SO 4 

13.0 

14 

52 





13 

Syn. 

H 3 BO 3 

0.9 

52 

722 





14 

Syn. 

H 3 BO 3 

1.2 

8 

722 





15 

Syn. 

H 3 BO 3 

1.5 

12 

700 





16 

Syn. 

H 3 BO 3 

1.8 

2 

652 






17 

i Syn. 

H 3 BO 3 

2.1 

6 

698 






18 

19 

, Syn. 

Syn. 

H 3 BO 3 

H 3 BO 3 

2.4 

3.0 

8 

0 

648 

712 

'>■ 




No bacterial col- 

20 

i Syn. 

1 H 3 BO 3 

3.6 

0 

646 





onies 

21 

Syn. 

H 3 BO 3 

4,2 

0 

516 






22 

Syn. 

i 

H 3 BO 3 

6.0 

0 

268] 






23 

P.D.A. 



22 





Spreading colonies of 










bacteria 

24 

P.D.A. 

0.5iYH2SO4 

13.0 

80 

72 






25 

P.D,A. 

H 3 BO 8 

0.9 

78 

152 






,26 

P.D.A. 

H 3 BO 3 

1.2 

40 

332 





Large fungal colonies 

27 

P.D.A. 

H 3 BO 3 

1.5 

42 

208 





'.28 '.i 

F.D.A. 

H 3 BO 3 

1.8 

22 

260 





covered small ones 

'' 29 '' 

P.D.A. 

H 3 BO 3 

2.1 

52 

334 






30 

P.D.A. 

H 3 BO 3 

2.4 

52 

398 






31 

P.D.A.. 

H 3 BO 3 

3.0 

20 

57A 






. 32 ''' 

P.D .A. 

H 3 BO 3 

3.6 

6 

466 





Fungal colonies all 

33 ' 

P.D.A. 

H 3 BO 3 

. 4.2 

4 

580 





small 

34 ' 

P.D.A. 

H 3 BO 3 

6.0 

0 

486 







Treatment. 

t See text for formulas used for synthetic (Syn.) and potato-dextrose-agar (P.D. A.) 
media* 

t Bacteria and actinomyeetes, in . millions per gram. , , ' 

§ Fungi,' ; .in thousands per' . gram., ' 
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RESULTS 

The synthetic medium was very satisfactory for counts of bacteria and actino- 
mycetes, because of the small size of the colonies and the clarity of the medium. 
It was possible to make counts long past the seventh day, although none were 
recorded. 

The potato dextrose agar was unsatisfactory in comparison with the synthetic 
medium. The colonies increased in size so rapidly that after the second day 
many of the smaller ones were overrun and obscured. This decrease in observed 
numbers between the second and third days may be noted in treatments 6 to 10 . 

Lithium oxide did not prove satisfactory, since it reduced not only the number 
of colonies of bacteria, but those of fungi. Other chemicals found useful in sup- 
pressing fungal growth were chromic acid and sodium molybdate, but these also 
inhibited the growth of bacteria. They may be of some value, however, in 
media intended for the elimination of certain species of bacteria. 

According to the results obtained, the effect of boric acid in suppressing the 
growth of bacteria and actinomycetes was marked in both kinds of media. For 
suppressing bacterial growth completely and at the same time permitting the 
appearance of the maximum number of fungal colonies, a concentration of 3 gm. 
per liter seemed most satisfactory. Boric acid, when added to potato dextrose 
agar (already too rich in nutrient), entirely eliminated the growth of the fast- 
spreading types of bacterial colonies. 

The addition of sulfuric acid to either medium inhibited bacterial growth but 
also suppressed the growth of fungi to a point where the data were not acceptable. 
The data in treatments 12 and 24 indicate that the number of colonies of fungi 
appearing on the plates treated with mineral acid were but a small fraction of 
the spores actually present. The pH of the medium with H 2 SO 4 added was 4.6. 

No bacterial colonies were present in treatment 16, and only 2 or 3 per plate 
occurred in treatment 15. In the potato-dextrose-agar series, bacteria were 
wholly suppressed at the concentration of boric acid used in treatment 29. Some 
fungi grew too actively in treatments 25-30; colonies commonly attained diam- 
eters exceeding 35 mm. after 2 days’ incubation and co^rered many of the more 
slowly growing species (which constituted the majority in all cases). The pH 
values of the media in treatments 22 and 34, which received the heaviest applica- 
tion of boric acid, were 6.0 and 5.8, respectively. Since these values are well 
within the limits for bacterial growth, the inhibition observed is a chemical effect 
and not one of hydrogen-ion concentration. 

The synthetic medium was also found to be the most satisfactory from the 
standpoint of obtaining the total number of fungal colonies. Because of the 
restricted type of growth of the colonies, however, they wrere not distinguishable 
as to genus. On the other hand, the genus of most of the colonies on the potato 
dextrose agar could be recognized by the fifth day or soon after. The difference 
in growth of fungi on the two media was best shown at the higher concentrations 
of boric acid. 

SUMMARY ' 

From the results of this study it is evident that the addition of boric acid to 
either potato dextrose agar or the synthetic media used, effectively suppressed 
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the growth of bacteria but permitted a satisfactory count of fungi. Moreover, 
since boric acid suppresses bacterial growth by means other than an increase of 
the hydi’ogen-ion concentration, it may be added to the medium before it is 
sterilized, instead of when the plates are poured. Finally, a higher count of 
fungi was obtained in the presence of boric acid than sulfuric acid. 



INFLUENCE OF CROPPING, RAINFALL, AND WATER TABLE 
ON NITRATES IN EVERGLADES PEAT 

J. R. NELLER 

Everglades Experiment Station, University of Florida 
Received for publication February 10, 1944 

The total nitrogen content of Everglades peat ranges from 3.0 to 3.8 per cent 
in the more weathered surface horizons and is somewhat less at lower depths. 
Almost all of the vast area of this peat is underlain with limestone rock, and this 
makes it unnecessary to add lime in the management of this soil for cropping. 
From the standpoint of reaction, therefore, the peat and muck soils of the Ever- 
glades are always in an optimum condition for nitrification. 

Fertilizer experiments on Everglades peat have shown that grasses do not re- 
spond to nitrogen (5) except for brief periods following heavy rains. There is 
the same lack of response from cultivated crops except a few that are very heavy 
feeders of plant nutrients. Beckenbach (2) reports benefit from nitrogen fer- 
tilizer for celery grown on this type of peat. Crop requirements for nitrogen in 
organic soils in other regions may differ from those of the Everglades. Thus 
x\lway (1) says that low-lime peats in Minnesota are more likely to need nitro- 
gen in the fertilizer program than high-lime peats. Harmer (3) mentions a 
similar condition for Michigan peats and points out the ill effects of the presence 
of too much available nitrogen, especially if it is not rightly balanced with other 
plant nutrients. 

Field and greenhouse experiments on the availability to crops of the nitrogen 
of Everglades peat have been reported (4) in which nine successive greenhouse 
crops removed 10.98 per cent of the total nitrogen of the peat. These crops were 
fertilized with all necessary plant-food elements except nitrogen. Dallis grass 
was grown on field plots of the same type of peat fertilized in a similar manner 
(5). During a period of 40 months 9.16 per cent of the total nitrogen of the peat, 
calculated to a depth of 1 foot, was contained in cuttings removed from the plots. 

Even though there is not much need of nitrogen in the present fertilizer pro- 
gram on this peat, it is possible that added nitrogen might be beneficial after 
these soils have been cropped for a longer time. Hence it was thought advisable 
to ascertain how much nitrification is taking place in Everglades peat and to ob- 
tain some information on the effects of cropping, rainfall, and w^ater control on 
the production and accumulation of nitrates. The possible loss by leaching is 
also being studied (6) and will be reported later. 

The data reported here indicate that rapid nitrification occurs in Everglades 
peat and much of this takes place in the surface layers (8). Eainfall may 
be expected to carry nitrates downward, loss by leaching occmning during the 
rainy season of the year, which is normally from June to October. 

EXPEBIMEHTAn : ■ 

In October, 1934, nitrate nitrogen was determined in composited samples at 
different depths in a Dallis grass pasture which had been fertilized for 2 years 

■ m-- 
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with an 0-12-24 mixture. At the same time samples were taken in a similar 
manner from an area kept in clean fallow adjacent to the pasture. The water 
table for both of these areas is held at the 22- to 24-inch level by means of pumps. 
Nitrates were determined by the Devarda reduction and distillation method using 
clarified water extracts of fresh undried samples (7, pp. 350-352). In table 1 

TABLE 1 


Nitrate nitrogen accumulation and moisture in Everglades peat at different depths and seasons 

on croj)ped and uncropped land 


LOCATION 

DEPTH 

OCT. 17, 1934 

APR. 4 

, 1935 

JULY 22, 1935 

MAR. 31, 1936 

NOs 

nitrogen 

Moisture 

NOa 

nitrogen 

Moisture 

1 NOs 
nitrogen 

Moisture 

NOs 

nitrogen 

Moisture 


inches 

p.p.m. 

per cent 

p.p.m. 

per cent 

p.p.m. 

per cent 

p.p.m. 

per cent 

Dallis grass pas- 

0-6 

29 ' 

66.3 

239 

59.5 

27 

64.1 

31 

\ 61.5 

ture 

7-12 

37 

74.8 

336 

71.1 

154 

74.6 

51 

75.8 


13-18 

31 

80.2 

166 ^ 

78.7 

111 

71.8 

32 

79.9 


19-24 

36 

80.6 

122 

78.2 

111 

78.9 

32 

79.1 

Fallow land next 

0-6 

31 

62.0 

410 

62.7 

66 

61.8 

260 

58.8 

to pasture 

7-12 

64 

67,8 

422 

70.3 

245 

72.9 

278 

73.5 


13-18 

102 

78.0 

412 

77.8 

301 

78.5 

236 

80.1 


19-24 

6 

76.7 

171 

77.8 

299 

79.7 

216 

80.6 


TABLE 2 


Rainfall preceding and during period covered by table 1 


MONTH 

1934 

1935 

1936 

AVERAGE 1924-1942 


inches 

inches 

inches 

inches 

January 

0.14 

0.30 

1.91 

1.83 

February 

1.91 

1.32 

4.04 

1.92 

March 

7.10 

0.41 

2.40 

3.31 

April 

3.11 

5.32 

1.96 

3.66 

May 

5.20 

1.08 

6.39 

4.48 

June 

10.15 

8.45 

18.61 

10.61 

July.. 

10.09 

6.35 

6.09 

7.35 

August 

12.41 

6.54 

5.33 

7.85 

'September ' 

7.44 

10.88 

5.84 

8.82 

October. 

3.22 

5.71 

1.65 

4.47 

November. 

0.65 

0.36 

9.17 

2.36 

Decem'ber. ■ 

0.82 

2.07 

1.18 , 

1.42 


and in siibsequent tables they are reported as parts per million on the mois- 

ture-free basis, whereas the soil moisture is given on the moist-soil basis. 

As recorded in table 1 nitrates were low from the surface downward in both the 
pastured and the uncropped areas. The rainfall record of table 2 for the months 
preceding October indicate that considerable leaching had taken place. During 
the next few months very little rain fell (table 2) and there was no leaching. 
By April 4, 1935 the accumulation of nitrates was several times greater than it 


NITRATES IN EVERGLADES PEAT 


277 


was in October, particularly in the surface 18 inches of the fallow area (table 1)* 
Nitrate accumulation was not so great in the pasture because of the growth of 
the grass. It may be observed that the amount of moisture in the peat increased 
from the surface downw^ard to a depth of 18 inches and in April the surface 6 
inches in the pasture was somewhat drier than in the fallow land. 

In these two areas nitrates were determined for the same depths in July, 1935 
and in March, 1936 (table 1). Enough rain fell in June and July, 1935 (table 2) 
to cause an appreciable leaching of the nitrates that accumulated during the pre- 
vious dry months. Considerable rain fell in September and October, 1935 as 
well as in February, 1936, and the accumulation of nitrates (March 31) was not 
so great in the fallow land as it was on April 4 of the previous year. Because of 
this smaller accumulation the pasture grass caused nitrates to be especially low 
by March 31, 1936, and the grass would probably have responded at that time to 
a nitrogenous fertilizer. 


TABLE 3 


Nitrate nitrogen and moisture content of cropped and fallow areas of fields with different water- 

table levels y January 7, 19S6 


DEPTH OP WATER 
TABLE 

DEPTH OP SAMPLE 

AREA IN SUGAR CANE 

AREA IN FALLOW 

NOi nitrogen 

Moisture 

NOa nitrogen \ 

Moisture 

inches 

inches 

p.p.m. 

per cent ’ 

p.p.m. ! 

i per cent 

12 

0-6 

150 

64.10 

141 

66.60 


7-12 

205 

72.63 

154 

76.78 

24 

0-6 

160 

60.03 

149 

57.93 


7-12 

187 

67.71 

205 

67.80 

36 

0-6 

167 

60.38 

136 

60.98 


7-12 

253 

67.62 

202 

70.69 


Another comparison of nitrates in cropped land and in clean fallow was made in 
three fields in each of which the water-table level was held at different depths 
(table 3). For the fields with 12-inch water tables it may be noted that there 
was no marked difference due to cropping for either the 0- to 6- or 7- to 12-inch 
depths. The data show that a similar lack of difference existed in the peat on the 
fields with 24- and 36-inch water tables. Accumulation of nitrates under the 
growing sugar cane would probably have been less were it not for the plant 
residue that is left on the land, as the cane stems only are removed in the harvest 
process. 

The rainfall preceding the sampling of these fields is given in table 2. No rain 
fell in January, 1936 up to the time of sampling. The 2.07 inches of rain in De- 
cember, 1935 probably caused some of the nitrate to leach out of the 0- to 6-iiich 
zone, as the accumulation is greater in the 7- to 12-inch layer for all water-table 
depths, including the field where it is held at 12 inches below the surface. The 
saturated condition of the peat in the 7- to 124nch level in this field precludes the 
possibility that nitrates are found to any extent in that zone. 

The fields in clean fallow with 12- and 24-inch water tables were sampled again 
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on March 31, 1936 (table 4) and to a greater depth. In the field with the 24-inch 
water table the accumulation of nitrates had increased, and the concentration 
was almost as high in the 13- to 18- and 19- to 24-inch levels as in those above. 
As indicated in table 4, the peat below a depth of 12 inches was saturated with 
water on both fields. A total of 8.35 inches of rain in January, February, and 
March (table 2) probably accounts for the deep penetration of nitrates. 

Nitrates w^ere determined on May 22, 1936 in the surface 6-inch layer of Ever- 
glades peat on which corn was growing in 3-foot rows with hills 2 feet apart in 
the row. Grass and legume cover crops as well as the manure (table 5) had been 

TABLE 4 


Nitrate nitrogen and moisture content of Everglades peat at different depths in fallow areas of 
fields with 12-inch and 2J^-inch water tables ^ March SI, 1936 


DEPTH OF 
WATER TABLE 

DEPTH OF 
SAMPLE 

NOj 

1 NITROGEN 

i SOIL 

MOISTURE 

DEPTH OF 
WATER TABLE 

DEPTH OF 
SAMPLE 

NOs 

NITROGEN 

SOIL 

MOISTURE 

inches 

inches 

p.p.m. 

per cent 

inches 

inches 

p.p.m. 

per cent 

12 

O-G 

145 

63.4 

24 

0-6 

260 

58.8 


7-12 

173 

75.0 


7-12 

278 

73.5 


13-18 

136 

80.2 


13-18 

236 

80.1 


19-24 

65 

81.4 


19-24 

216 

' 

80.1 


TABLE 5 


Nitrate nitrogen in the surface 6 inches of corn cover crop plots, May 22, 1936 


PLOT NUMBER 

NO 3 NITROGEN 

Plot under legume 
cover crop 

Plot under grass 
cover crop 

Plot in clean fallow 

Manured plot 


p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

1 

376 

455 

323 


2 

305 

403 

283 

263 

3 

345 

252 

299 

389 

4 

332 

323 

254 

317 

Average 

340 

358 

290 

329 


turiaed under several weeks previous to the planting of the corn in early March. 
The fallow plots had been kept clear of growth from the time of the corn crop of 
the previous year. There was a good stand of corn in the soft dough stage at the 
time the field was sampled for nitrates in May. Table 5 shows that nitrates were 
not significantly lower in the plots previously fallowed than in the other plots. 
All of the plots had an ample supply of nitrate nitrogen, possibly too much fora 
well-balanced plant-nutrient condition, despite the fact that no nitrogen was used 
in the fertilizer for the corn. As recorded in table 2 there were moderate amounts 
of rain during the period preceding the soil sampling and only 2.13 inches fell 
in May up to May 22. It is unlikely therefore that much nitrate had been 
leached out of the surface 6 inches. 
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Nitrates were also studied for this same period in another vigorously growing 
field of corn, and as shown in table 6, the amounts present were ample for the 
needs of the crop without the addition of any in the fertilizer. Nitrate accumu- 
lation in a noncropped area adjacent to the corn field gave an indication of how 
much nitrogen the growing corn had utilized. It may be noted that nitrates 
were lower in the second 6-inch layer than in the surface and were similar in both 
the cropped and uncropped areas. 

On April 8, 1936, nitrates were determined in a field of celery at the time of 
harvest. As shown in table 7 the amounts present were lo^v, irrespective of 

TABLE 6 


Efect of a vigoromly growing crop of corn on the nitrate content of Everglades peat 


DEPTH OF SAMPLING 

NOs NITROGEN 

Clean fallow 

Corn growing 

inches 

p.p.m. 

p.p.m. 

0-6 

239 

145 

7-12 

127 

130 


TABLE 7 


Nitrate nitrogen in Everglades peat at time of harvest of a crop of celery and 6 weeks later 


CROP 

DEPTH OF 
SAMPLING 

WITH SUMMER FALLOW i 

! 

WITH SUM.MER GREEN MANURE CROPS 

NOs nitrogen 

Soil moisture 

NOs nitrog'en 

Soil moisture 


inches 

p.p.m. 

per cent 

p.p.m. 

per cent 

Celery at time of 

0-6 

33 

53.0 

36 

; 52.0 

harvest 

7-12 ^ 

19 : 

70.1 

27 

^ 65.6 


13-18 i 

46 ! 

75.7 

76 

75.6 


19-24 

43 . i 

78.3 

: IS 

79.8 

6 weeks after celery 

0-6 

160 

n.d."' 

172 

n.d. 

harvest 

7-12 ' 

153 

11. d. 

1S6 

n.d. 


13-18 1 

128 

n.d. 

210 

n.d. 


19-24 

124 

n.d. 

180 

n.d. 


* n.d. = not determined. 


whether the land had been planted to a green nmniire crop or kept fallow. 
Table 2 records the rainfall during the months preceding April, and none fell 
during the first 8 days of April. The high traiispirational rec.|im of the 

celery as indicated by the moisture content of the peat (table 0 precliidcvS the 
possibility that any nitrate was leached out of the root zone, and the .small amount 
of nitrate present on April 8 indicates that the celery would have responded to a 
nitrogenous fertilizer. Fertilizer experiuicnts as reported by Beekenbach (2) 
corroborate this. 

Succulent material such as the roots and trimmings of celery plants may be 
expected to decompose rapidly in the presence of sufficient warmth and moisture. 
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The discarded stems of the celery in the aforementioned plots were turned 
under at the time of harvest on April 8, and soil samples were taken 6 weeks later 
for nitrate determinations. As recorded in table 7, a considerable accumulation 
had taken place in that comparatively short period. The 1.81 inches of rain that 
fell April 25 and 26 probably accounts for the rather deep penetration of nitrates. 

SUMMARY 

From October, 1934 to June, 1936 the accumulations of nitrate nitrogen were 
studied in various cropped and uncropped areas of Everglades peat. The de- 
sired soil water levels in these fields are kept fairly constant by means of pumps. 
In this nitrate accumulation study the fertilizers used for the crops contained 
no nitrogen. 

Conversion of the nitrogenous material of the peat was rapid and there was no 
indication that the pasture grass, corn, and sugar cane would have responded to 
a nitrogenous fertilizer except for brief periods following a succession of heavy 
rains. 

Nitrate accumulation was low under a crop of celery irrespective of whether the 
land had been in clean fallow or a cover crop had been turned under. Nitrates 
were not significantly higher under corn where a cover crop had been used. 

Rainfall carried nitrates downward, and at the end of the rainy season the ac- 
cumulations of nitrates were very considerably reduced. During the dry season, 
nitrates were ample for crops of moderate nitrogen requirements even whdre the 
water table was held as high as 12 inches below the surface of the peat. 
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Lear or foliar analysis^ has become well established in recent 3 "ears as a useful 
aid in determining the nutrient requirements of a wide variety of crops. Lagatu 
and Maume (16) in the last two decades laid the groundwork for the S 3 ^stematic 
use of leaf analysis in studying the absorption of mineral elements as affected 
by various growth factors. Their findings have been extended by Thomas (25), 
who has contributed much in this field. That considerable emphasis is now 
being placed on leaf analyses is readily seen from the large volume of literature 
that has accumulated on this subject in the last few years.*^ 

Leaf analysis has become especial^ useful as an aid in studying the mineral 
nutrition and diagnosing the fertilizer requirements of tree crops (1, 3, 5, 6, 11, 
12, 20, 23, 27). Most of this wwk has been concerned with a limited number of 
chemical elements, and frequently the analj^sis has been for only one element. 
It has become increasingly apparent from recent investigations that the ratios 
and interactions of certain elements are as important as the total amounts present 
(4, 8, 9, 24). This would indicate the desirability of making rather complete leaf 
analyses to ascertain more acurately the nutritional status of the plants under 
investigation. 

As the tung tree is comparatively new^ to the United States, it is thought that 
leaf analysis, coiTelated with soil conditions, fertilizer treatment, and tree per- 
formance, will prove very helpful in determining its mineral nutrition and 
fertilizer requirements. 

SCOPE OP INVESTIGATION 

Several investigators (5, 15, 23, 26) have showm that the composition of leaves 
of a plant varies with the age of the leaf, with soil conditions, and with fertilizer 
treatment. As a preliminary step it appeared desirable, therefore, in the use of 
leaf analyses of tung for diagnostic purposes, to obtain information on the min- 
eral composition of the leaf as influenced by these various factors under field 
conditions. Analyses w^ere made for nitrogen, phosphorus, potassium, calcium, 
magnesium, manganese, and iron as influenced by the following factors: date of 

^ Associate soil technologist, Division of Fruit and Vegetable Crops and Diseases, Bureau 
of Plant Industry, Soils and Agricultural Engineering, Agricultural Research Administra- 
tion, U. S. Department of Agriculture. 

2 In this discussion, “leaf or foliar analysis’" refers to the quantitative analysis of the 
leaves, which involves considerations somewhat different from those involved in other types 
of plant-tissue tests. 

3 Schmidt, C. M., and Jameson, D. H. 1941 Bibliography of literature on analyses of 
leaf and other plant tissues, with special reference to content of mineral nutrients, 1935 
through 1940. [Mimeographed] Amer. Potash Inst,, Inc., Washington, I). C. 
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sampling; position of leaf on shoot; fruiting and nonfruiting terminals on the 
same trees; soil conditions; and fertilizer treatment. 

METHODS 

Each sample of leaves consisted of a composite of six or more normal leaves 
from the same position on the shoots from each of eight or more average bearing 
trees. Two leaves from each of three or more shoots were collected from each 
tree. The petioles were removed and discarded. Abnormally long or short 
shoots were avoided. The samples were dried at 70°C. as soon as possible after 
collection and then were ground in a Wiley mill using a 20 -mesh screen. Pre- 
liminary analyses indicated that the contamination of the samples with iron by 
the null used in this laboratory was too slight to be of importance in this investi- 
gation. Nitrogen was determined by the Kjeldahl-Gunning method. For the 
other determinations 10 -gm. samples of the ground leaves were ashed in platinum 
dishes in a muffle furnace, with automatic temperature control, for about 7 hours 
at about 480°C. This length of time was found to be sufficient for satisfactory 
ashing of tung leaves. The ash was carefully moistened vith a few cubic centi- 
meters of water run do^vn the side of the dish and then was transferred quantita- 
tively to a 250-cc. beaker \dth the use of a wash bottle. Ten cubic centimeters 
of concentrated HCl was added while a w'atch glass w'as placed on the beaker to 
prevent loss from spattering. The solution was digested for about 2 hours on the 
steam bath, the small amount of silica and unburned carbon filtered off, and the 
filtrate made up to a volume of 100 cc. Suitable aliquots were taken for the 
various determinations. 

Calcium and magnesium were determined in the same aliquot after removal of 
the R 2 O 3 group plus manganese and phosphorus. Calcium was precipitated as 
the oxalate, rvhich w'as titrated with standardized KMnO^. Magnesium was 
determined bj’- precipitating magnesium ammonium phosphate and titrating 
with standard acid. Phosphorus was determined colorimetrically by the molyb- 
date blue method. Potassium determinations W'ere made by the procedui’e of 
Hibbard and Stout (13) modified by the substitution of ceric sulfate for potas- 
sium permanganate as the oxidizing agent. Manganese and iron were deter- 
mined colorimetrically as the permanganate and thiocyanate, the latter according 
to the method proposed by Winsor (29). 

METHOD OP EXPRESSING RESULTS 

Considerable discussion has arisen in the literature as to the best way to express 
the mineral content of plant tissue. Thomas (25) uses the “percentage of dry 
matter” basis and includes this concept in his definition of foliar diagnosis. 
Others ( 2 ) have pointed out the advantages in using the “per plant” or “per 
plant part” basis instead of the percentage basis. James (14) suggests that 
the different methods of expressing the mineral content of plants in studies of 
mineral nutrition must be considered in relation to the objectives. In his wmrk 
both methods are used, the choice depending on the nature of the problem. 

In normal seedling tung trees there is such great variation in the size and thick- 
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nGss of simildi t\pGS of lonvos timt (liffcrcncGS in coniposliioii (»;■. o |n‘r 

leaf basis are obscured. Furthemore the sampling procedure in this invest ign- 
tion did not presume a sample of leaves representative of the groAth stnlti^ of 
the tree. In cases where the sample accurately reflects the growth condition it 
would undoubtedly be advantageous to use the per leaf basis. In this sitidy, 
however, the percentage basis is thought to be a precise criterion of the nutrient 
level of the tree. 



Fig. 1. Be.vring TuxN^g Shoot 
A, midshoot leaves; B, basal leaves 


ANALYSIS OF LEAVES COLLECTED IN THREE SEASONS TO DETEILMINE INFLUENCE OF 
POSITION OF LEAF ON FRUITING AND ON NONFRUITING TEiailNAL SHOOTS 

Samples were collected in May, August, and October, 1941 from S-yc^ai'-nid 
bearing tiing trees in an orchard near Morriston, Florida. Fh(‘ soil \\as 
principally Norfolk fine sand. The block from which the sami)h‘> \\'(‘iv (*ull(‘ct(‘d 
is part of a fertilizer experiment that had been conducted by tlu* F. S. Fi(‘ld 
ratory for Tung Investigations at Gainesville, Florida, for 3 yiairs puaaaling this 
investigation. Composite samples were taken from three rei)li<*tite plots of 15 
trees each, all of which had received 300 pounds per acre of 4-0-3 mixe«.l tcMli- 
lizer. In most of the plots some trees were abnormally lai’gc* or small or W(u*(‘ 
defective, and these trees were avoided in sampling. At i(‘ast (‘ight t!‘c(‘s bearing 
a light to moderate crop were sampled in each plot. lli(3 iolltiw ing lour types of 
leaves were taken, two from each of three shoots from each { I'ee: iniilslioot leaves 
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from fruiting terminals, midshoot leaves from iionfruiting terminals, basal leaves 
from fruiting terminals, and basal leaves from nonfruiting terminals (fig. 1). 
The same type leaves from each plot were composited. The analytical data 
von‘(‘ calculated on the basis of percentage of dry matter and were analyzed 
statistically by analysis of variance. Values for the average of the three replica- 
tions are given in table 1. 

Seasonal trends 

There are highly vsignificant seasonal trends in the concentration in the leaves 
of nitrogen, potassium, calcium, manganese, and ash, but no definite trend is 
indicated for magnesium, phosphorus, or iron. The percentage of calcium, man- 
ganese, and ash increases in the leaves from May to August and from August to 
October, whereas potassium and nitrogen decrease, though the decrease in the 
latter between May and August is not significant. 

A decrease in the percentage of nitrogen and potassium in leaves as the season 
advances appears to be the result of a normal physiological process in most 
plants under ordinary conditions. This has been demonstrated for tree crops by 
a number of investigators (17, 18, 21, 23). Potassium-deficiency symptoms in 
tung lea\'es are most noticeable in the latter part of the growing season. As the 
mature tung fruit contains a relatively high percentage of potassium, almost 
2 pel- cent of the dry weight, ‘ it is to be expected that there would be a large 
migration in bearing trees of such a mobile element as potassium from the leaves 
into the fruit, although the withdrawal of potassium from the leaves undoubtedly 
also occurs in nonbearing trees, 

.Vn increase of calcium and manganese in leaves as the season advances has 
l)een reported by IMcHargue and Roy (18) for a large number of deciduous trees. 
Both of these elements are relatively nonmobile and tend to accumulate in 
l(‘av(‘s. Lilleland and Brown (17) found that calcium increased with age in the 
lea\’es of a number of fruit trees. The increase in the manganese content of 
lea\'es later in the season correlates with observations that manganese-deficiency 
symptoms in tung leaves tend to clear up in the latter part of the growing season. 

Position of leaves 

There is a highly significant difference between midshoot and basal leaves in 
the concentration of all constituents determined. The basal leaves, of course, 
are the first to appear in spring and are considerably older than the midshoot 
leaves at any one sampling date. It would be expected, then, that the content 
of the different elements in the midshoot leaves as compared to the basal leaves 
at any one sampling date would have the same relationship as the composition 
of leaves collected earh^ in the season as compared to those collected late in the 
season. This is true of potassium, which is significantly lower in the basal leaves 
than in the midshoot leaves, and of calcium and manganese, which are signifi- 
cantly liigher. This correlates with the fact that potassium-deficiency symptoms 

^Sell, H. M., Best, A. H., Reuther,-W.,-'ancl Droscioffy M. (In preparation.) Changes 
in the cliemica! eomposition of tung fruit during development. 
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of tung leaves generally develop first on the basal leaves (10) whereas manganese- 
deficiency symptoms first appear in the younger leaves. 

For nitrogen there is a highly significant interaction between season and 
position of leaves. At the first sampling date in May the basal leaves were higher 
in nitrogen than the midshoot leaves, but as the season progressed the concentra- 
tion of nitrogen in the older leaves became less than that in the younger leaves. 
This suggests that proteolysis occurs in the older leaves and the nitrogen is 
translocated to the growing points in the latter part of the growing season. 
Chibnall (7) discusses the question of proteolysis and translocation of nitrogen 
from the older to the younger leaves and cites evidence in support of this hy- 
pothesis. There was no significant change in the dry weight of the basal leaves 
during the season; hence, changes in percentage of nitrogen must have been 
largely due to translocation. With midshoot leaves, however, there was a sig- 
nificant increase from May to August in dry weight per leaf, which complicates 
the relationships due to the opposing effects of growth and absorption on the 
concentration of the nutrient in the leaf. 

The magnitude of the differences in composition between the basal and mid- 
shoot leaves emphasizes the necessity of sampling similar type leaves in any 
diagnostic work using leaf analyses. With magnesium, phosphorus, and iron 
there is no significant seasonal trend, but there is a highly significant difference 
between the basal and midshoot leaves. The basal leaves are higher than the 
midshoot leaves in magnesium and iron and lower in phosphorus. 

Fruiting versus nonfruiting terminals 

In a comparison of the composition of leaves from fruiting and nonfruiting 
terminals on the same tree, only the percentages of nitrogen and calcium show 
consistently significant, though small, differences. The nitrogen is lower in the 
leaves from the fruiting terminals than in those from nonfruiting shoots, pos- 
sibly because of a greater breakdown of the proteins and translocation of nitrogen 
to the fruit (7). With calcium the reverse is indicated, a higher percentage 
being found in the bearing terminals than in the nonbearing. The reason for 
this is not readily apparent. One possible explanation is that more proteolysis 
may occur in leaves of fruiting terminals and more oxalic or other organic acids 
may be formed to precipitate and immobilize the calcium (19). 

In general, the differences in composition between leaves from bearing termi- 
nals and those from nonbearing terminals on the same trees are not large and for 
diagnostic purposes may be disregarded. As a general practice, however, in 
collecting samples for analyses the procedure now being followed is to take mid- 
shoot leaves from one or the other type of terminal, depending on the nature of 
the problem. . , ■ ■ 

LEAF COMPOSITION ON BIPPEBENT. SAMPLING BATES BERING THE GROWING SEASON 
AS INFLEENCEB BY SOIL CONBITIONS AND FERTILIZER TREATMENT 

Samples of basal leaves from nonfruiting terminals were collected in July, 
August, and October from 7- to 9-year-old bearing trees in three oi'chards in 
widely scattered sections of the tung belt and on dissimilar soil types, as shown 
in table 2, The plots from which the samples were taken in all three orchards 
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are parts of fertilizer experiments that have been conducted during the 3 years 
preceding the year of sampling at the Bogalusa, La., Cairo, Ga., and Gaines- 
ville, Fla. U. S. Field Laboratories for Tung Investigations. The trees receiving 
high and low fertilizer applications in each orchard were sampled separately. 
The low fertilizer treatment was 300 pounds per acre of 4-0-3 at Florida orchard 
No. 1, 400 pounds of 4-4-3 at Florida No. 2, and 300 pounds of 4-4-3 in 1939 
and 1940 and none in 1941 at Louisiana orchard No. 1. The high fertilizer 
treatment consisted of 300 pounds per acre of 12-12-9 at Florida orchard No. 1 
and Louisiana No. 1 and 400 pounds per acre of 12-12-9 at Florida No. 2. The 
orchard management practices in the three orchards were reasonably comparable. 
The sampling procedure was the same as that given in the preceding section. 
The data for the analyses were calculated on a percentage of dry matter basis, 
and the values for the averages of three replications are given in table 2. The 
data were analyzed statistically by analysis of variance. 

Orchard location 

The difference in leaf composition due to orchard location are outstanding. 
Neither the fertilizer treatments nor the date of sampling caused such wide 
differences in the composition of the leaves as did the soil on which the trees were 
growing. Though there are some differences bet'ween the three orchards in 
management and climate and possibly other factors, the most outstanding dif- 
ferences are due to the differences in the soils. The three predominant soil types 
of these orchards, Norfolk fine sand, Ruston fine sandy loam, and Pheba fine 
sandy loam, are distinctly different in most of the important soil properties. 
Norfolk fine sand, in Florida orchard No. 1, is a very light textured soil containing 
not more than 5 per cent clay, and is low in organic matter, the surface soil 
containing about 1 per cent. This soil is subject to excessive leaching. Pheba 
fine sandy loam, in Louisiana orchard No. 1, is a relatively heavy textured soil, 
especially in the subsoil, which usually contains over 30 per cent clay. The 
organic matter content of the surface soil is high, generally over 3 per cent. This 
soil has a compact subsoil layer which restricts drainage considerably during 
periods of high precipitation. This causes insufficient aeration for the tree roots 
and seriously impedes absorption of nitrogen and the mineral elements, Ruston 
fine sandy loam soil, in Florida orchard No. 2, is considered one of the best soils 
for tung trees as ^vell as for most crops in the South. It has a loamy sand to 
sandy loam surface containing 2 per cent or more organic matter. The browm 
sandy clay subsoil is well drained and aerated. 

The trees in Florida orchard No. 2 on the Ruston soil have the highest, and 
those in Louisiana orchard No. 1 on the Pheba soil have the lowest concentration 
of nitrogen, phosphorus, potassium, and calcium in the leaves, regardless of 
fertilizer treatment. These differences are reflected in the general vigor and 
growth of the trees in the two orchards. Florida orchard No. 2 is one of the 
best producers in the tung belt, whereas Louisiana orchard No. 1 is relatively 
poor. Even those trees in Louisiana orchard No. 1 receiving a 12-12-9 ferti- 
lizer at the rate of 300 pounds per acre show an abnormally low content of 
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nitrogGiij phosphorus, and potassium in the leaves. Undoubtedly the lack of re- 

spouse by the trees in Louisiana orchard No. 1 to the heavier fertilizer applica- 
tion can be explained by the lack of aeration in the soil due to the poor, impeded 
drainage conditions. 

The difference in manganese content of the leaves from the three orchards is 
striking. Florida orchard No. 1 shows symptoms of manganese deficiency and, 
therefore, the manganese content of the leaves may be considered inadequate. 
The high manganese content of the leaves from the other orchards would appear 
to indicate luxury consumption. Although the leaves from Louisiana orchard 
No. 1 may contain more than 3000 p,p.m. of manganese, there was no indication 
of manganese toxicity . The soil in this orchard is very acid and apparently con™ 
tains a relatively high amount of soluble manganese. The range in leaf content 
of manganese from 58 p.p.m. in Florida orchard No. 1 to 3110 p.p.m. in Louisiana 
orchard No. 1 greatly exceeds the range for any other element. 

The difference among orchards in the iron content of the leaves is highly sig- 
nificant statistically but the range is not great. Although Florida orchard No. 2 
and Louisiana orchard No. 1 have a relatively high content of total iron oxide 
in the highly acid subsoils, it is surprising to find that the iron content of the 
leaves from these orchards is not greatly different from that of leaves from Florida 
orchard No. 1, which has a slightly acid sandy soil vith a very low iron content. 

Seasonal trends 

In general, the same seasonal trends are indicated in the basal leaves from all 
three orchards as was noted in the preceding section in the discussion of table 1. 
Calcium, manganese, and ash show a highly significant increase in percentage 
as the season advances, and nitrogen and potassium show a decrease. Florida 
orchard No. 2 is exceptional, however, in that the potassium content of the leaves 
is maintained throughout the season. A possible explanation is that in the 
past this orchard has been heavily fertilized with potash, the level of which in the 
soil may be sufficiently high to maintain the level in the leaves throughout the 
growing season. 

Fertilizer treatment 

The increase in the nitrogen content of the leaves due to the high fertilizer 
treatment is highly significant, and though the magnitude of the increase is not 
great it is consistent in all three orchards. Although the greater phosphate con- 
tent of the leaves with the heavier fertilizer treatment sho\¥s high statistical sig- 
nificance, the amount of the increase is hardly deemed important. The increase 
found in the amount of potassium in the leaves due to the higher fertilizer treat- 
ment did not quite reach significance at the .05 level even though the potassium 
content of the leaves in both Florida orchard No. 1 and Louisiana orchard No. I 
is low. This is understandable at Louisiana orchard No. 1 wdiere insufficient 
soil aeration is undoubtedly an important factor restricting absorption. The 
situation in the Florida orchard No. 1 is less clear. In general, the trees in this 
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orchard are not making good growth, and copper- and manganese-deficiency 
symptoms are apparent. 

SUMMARY 

Analyses were made of leaves collected on three dates during the growing 
season from bearing tung orchards in different parts of the tung belt to determine 
the effect on leaf composition of : (a) the position of the leaf on the terminal shoot, 
(6) the presence of fruit on the terminal, (c) soil conditions and fertilizer treat- 
ment. Nitrogen, phosphorus, potassium, calcium, magnesium, manganese, iron, 
and ash were determined. 

It was found that the percentages of calcium and of manganese increase as the 
season advances whereas potassium and nitrogen decrease. No definite seasonal 
trend is indicated for magnesium, phosphorus, or non. 

The percentage of potassium is significantly lower in the basal leaves than in 
the midshoot leaves, and calcium and manganese are significantly higher. At 
the first sampling date in May the basal leaves are higher in nitrogen than the 
midshoot leaves, but at the later sampling dates the midshoot leaves are higher. 

Nitrogen is lower in leaves from fruiting terminals than in those from similar 
but nonfruiting shoots. For calcium the reverse is indicated. 

Differences in leaf composition due to the nature of the soils on which the 
orchards are situated are greater than those caused by any other factor involved 
in these studies. 


REFERENCES 

(1) Alben, a. 0., AND Hammar, H. E. 1939 Phosphorus content of some southwestern 

pecan soils and influence of phosphate fertilizers on pecan foliage. Soil Sci. 
Soc. Amer. Proc. 4: 173-176. 

(2) Bartholomew, R. P., Watts, V. M., and Janssen, G. 1933 The effect of variations 

in the nutrient media upon the nitrogen, phosphorus, and potassium content on 
plants with special reference to the tomato. Ark. Agr. Exp. Sta. Bui. 288. 

(3) Batjbr, L. P., and Magness, J. R. 1939 Potassium content of leaves from com- 

mercial apple orchards. Proc. Amer. Soc. Hort. Sci. 

(4) Carolus, R. L, 1938 Effect of certain ions, used singly and in combination, on the 

growth and potassium, calcium, and magnesium absorption of the bean plant. 
Plant PhpsioL 13: 349-363. 

(6) Chapman, H. D., and Liebig, G. F. 1940 Nitrate concentration and ion balance in 
relation to citrus nutrition. Eilgardia 13: 141-173. 

(6) Chapman, G. W. 1941 Leaf analysis and plant nutrition. Soil Sci. 

(7) Chibnall, a. C. 1939 Protein Metabolism in the Plant. Yale University Press, 

New Haven. 

(8) CuLLiNAN, F. P., and Batjer, L. P. 1943 Nitrogen, phosphorus, and potassium in- 

terrelationships in young peach and apple trees. Soil Sci. 55: 49-60. 

(9) Davidson, 0. W., and Blake, M. A. 1938 Nutrient deficiency and nutrient balance 

with the peach. Proc. Amer. Soc. Eort. Sci. 338-346. 

(10) Dbosdopp, M., AND Painter, J. H. 1942 A chlorosis and necrosis of tung leaves 

associated with low potassium content. Proc. Amer. Soc. Eort. Set, 41: 45-51. 

(11) Fudge, B. R. 1939 Relation of magnesium deficiency in grapefruit leaves to yield 

and chemical composition of fruit. Fla. Agr. Exp. Sta. BuL 331. 

(12) Haas, A. R. C. 1936 Phosphorus content of citrus and factors affecting it. Soil 

' Sci. 41: 239-257. ■ , 



LEAF COMPOSITION AND 'TXJNG TEEB NITTRITION 


291 


(13) Hibbard, P. L.j Anb Stout, P. R. 1933 Estimation of potassium titration of the 

cobaltinitrite with potassium permanganate. Jour. A,s.soc, Off. Agr. Chern. 
16: 137-140. 

(14) Jambs, W. 0. 1931 Studies of the physiological importance of the mineral elements 

in plants: II. Potassium: its distribution, movement and relation to growth in 
the potato. Ann. Bot. 4:5: 425-442. 

(15) Lagatu, H., and Maume, L. 1932 Le diagnostic foliare de la pomme de terre. Ann, 

Ecole Natl. Agr. Montpellier. {Mem, 2) 22: 50-126. 

(16) Lagatu, H., and Maume, L. 1934 Recherches sur le diagnostic foliare. *4?m. Ecole 

Natl. Agr. Montpellier 22: 257-306. 

(17) Lilleland, 0., and Brown, J. G. 1939 The potassium nutrition of fruit trees: II. 

Leaf analyses. Proc. Amer. Soc. Hort. Sci. 36: 91-98. 

(18) McHargue, J. S., and Roy, W . R. 1932 Alineral and nitrogen content of the leaves of 

some forest trees at different times in the growing season. Bot. Gaz. 94: 381-393. 

(19) Miller, E. C. 1938 Plant Physiology. McGraw^-Hill Book Company, Inc., New 

York. 

(20) Mitchell, H. L. 1936 Trends in the nitrogen, phosphorus, potassium and calcium 

content of the leaves of some forest trees during the growing season. Black Rock 
Forest Paper 1: 30-44, 

(21) Murneek, a, E., and Logan, J. C. 1932 Autumnal migration of nitrogen and carbo- 

hydrates in the apple tree. Missouri Agr. Exp. Sta. Res. Bui . 171 . 

(22) Painter, J. H., and Drosdofp, M. 1943 Results of preliminary tests on correction 

of potassium deficiency in tung. Proc. Amer. Soc. Hort. Sci. 42: 65-68. 

(23) Reuther, W., and Boynton, D. 1940 Variations in potassium content of the foliage 

from certain New York orchards. Proc. A7ner. Soc. Hort. Sci. 37: 32-38. 

(24) Somers, I. I., Gilbert, S. G., and Shive, J. W. 1942 The iron-manganese ratio in 

relation to the respiratory CO2 and deficiency— toxicity symptoms in soybeans. 
Plant Physiol. 17 : 317-320. 

(25) Thomas, W. 1937 Foliar diagnosis: principles and practice. Plant Physiol. 12: 

571-599. 

(26) Thomas, W., and Mack, W. B. 1939 Control of crop nutrition by the method of 

foliar diagnosis. Pa. Agr. Exp. Sta. Bui. 378. 

(27) Ulrich, A. 1943 Plant analysis as a diagnostic procedure. Soil Sci, 55: 101-112. 

(28) Wallace, T. 1940 Chemical investigations relating to magnesium deficiency of f ruit 

trees. Jour. Pomol. and Hort. Sci. 18: 145-160. 

(29) Winsor, K. W. 1937 Intensity and stability of ferric thiocyanate color developed in 

2-methoxy ethanol. Indust, and Engin. Chem.^ Analyt. Ed. 9: 453-455. 



PURIFICATION OF WATER BY USE OF SYNTHETIC ION- 
EXCHANGE RESINS: USING pH AS A CONTROL 

ALVIN L. KENWOETHY and JOHN NELSON HOWARD i 

Florida Agricultural Bxperimeyit Station 
Received for pubKcation January 8, 1944 

Synthetic resins have been emplo3^ed as adsorbents for considerable time, and 
recently their use in water purification has received attention. Myers, et al, 
(4, 5, 6) demonstrated the ability of s^mthetic ion-exchange resins to adsorb 
cations and anions from aqueous solution. Their work involved the efficiency 
of the adsorption of ions and the necessary regeneration of the resins and was 
conducted on a resin knovm as ''Amberlite.” Myers and Eastes (5) suggested 
the use of pH determinations in detection of the break-through or saturation 
point. M^^’ers, Eastes, and Urciuhart (6) reported that the synthetic ion- 
exchange resins exhibited typical Freundlich adsorption isotherms when in con- 
tact with acid and salt solution and that the break-through capacity may be cal- 
culated from these isotherms. Harrisson, M^ws, and Herr (2) found that the 
use of synthetic resins in water purification would produce water equal in quality 
to that required by the U. S. P. standards for distilled water. They also gave 
an illustration of a simple laboratory set-up for this purpose. Liel)ig, Vanslow, 
and Chapman (3) found that water passed through synthetic resins could be 
further purified by repassage. They were able to grow citrus seedlings success- 
fully in nutrient solutions using water produced in this manner. The Resinous 
Products and Chemical Co. (7) presented detailed data on the adsorption capac- 
ity and stabilit}^ of the synthetic resins produced by them and on the cycles that 
ma}^ be used in their operation. Their work was on ‘‘Amberlites,” of which IRi 
and IRioo were cation exchangers and IR4 was an anion exchanger. A diagram 
of a simple laboratory set-up was also presented. 

The \vater output from laboratory stills is often too low for nutrient solution 
work, and the copper content of distilled water from copper stills is too high for 
general laboratory procedures. For these reasons the authors became in- 
terested in the use of ion-exchange resins for the purification of water. 

MATERIALS AND METHODS 

Two sets of “Amberlite’’ towers were constructed in accordance with the de- 
sign of laboratory apparatus presented by the Resinous Products and Chemical Co. 

1 Associate horticulturist, department of horticulture, University of Delaware, formerly 
assistant horticulturist, department of horticulture, Florida Agricultural Experiment 
Station; and assistant chemist, department of soils, Florida Agricultural Experiment 
Station. The authors are indebted to the Resinous Products and Chemical Company for 
supplying the ‘ Amberlites’^ used in this study; to Byron E. Janes, associate horticulturist, 
for suggestions in the conductance of this work; to Carlos Gaugenbach, graduate student in 
plant pathology, for determining the germination of .sporangia of Phytophthora injestam 
Thax. (Guss.) in media made by use of water treated with the resins; and to Thomas Bh 
Erwin, .assistant chemist, soils department, for furnishing 'the samples of water treated 
with .lEioo. . ' 
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(7), with slight modifications. One set contained IRi as a cation exchanger, 
and the other contained IRioo. Both these cation exchangers were used in the 
hydrogen form. Both sets contained IR 4 as an anion exchanger. Tap water 
was passed through these towers. 

Quantitative spectrographic analyses were made for copper, lead, and zinc on 
the samples of water. One liter of each sample was concentrated to 30 ml., the 
pH made slightly alkaline, and the metallic content extracted with dithizone. 
A measured amount of palladium dithionate was added as an internal standard. 
The quantities present were calculated in terms of intensity ratios on calibrated 
plates. 

Comparative spectrographic analyses were made for iron, manganese, mag- 
nesium, sodium, and calcium. A liter of each sample was concentrated to 30 
ml., and 0.5 ml. of the concentrate was dried on electrodes and spectrographed 
in duplicate. A visual comparison was made with standards similarly prepared, 
and the results were converted to parts per million of these elements. 

Conductometric methods were used in determining total concentration of 
soluble salts. The conductivity bridge used conformed to specifications of the 
U. S. Bureau of Soils, and the temperature corrections and conversions of re- 
sistance values to parts per million of soluble salts were made from tables for this 
bridge (1), In order to obtain a readable resistance value for several of these 
samples, it was necessary to add a known quantity of impurity. A homo- 
geneous sample of tap water was used for this purpose. 

EXPERIMENTAL DATA AND DISCUSSION 

The set of towers containing IRi was constructed first. These towers con- 
tained 628 cc. of IRi and 581 cc. of IR4. This amount of ‘^Amberlite” filled 
a 6.5-cm. tower to heights of 40 and 37 cm. respectively as a backwashed and 
drained volume. A test of pH was considered a good indication of the break- 
through point reached upon saturation of the IRi. Tap water was flowed 
through these towers at rates of 250, 500, 750, and 1,000 cc. per minute in order 
to determine the efficiency of operation. The water was tested at intervals of 
7.5 liters as it came from the IRi tower, and the pH was found to remain at 3.0; 
after passing through both the IRi and the IR4 tower, the water had a pH of 4.5; 
and when boiled to remove carbon dioxide, the final water had a pH of 6.8 to 7.0. 
These pH values were constant until the IRi became saturated, at which point 
the pH rose rapidly. This occurred after 82.5 liters had passed through. A pH 
of 5.0 in the final water was considered to be the break-through point. 

Regeneration of the resins at the end of each cycle was conducted on the volu- 
metric basis as suggested by the Resinous Products and Chemical Co. ( 7 ) using 
4 per cent HCl for IRi and 4 per cent NebCOs for IR4. The pH of the efiluent 
after the required amount of regeneration solution was passed through the resins 
was 0.5 to 1.0 for IRi and 10.0 to 10.5 for IR4. After the regenerates were 
passed through, the resins were washed with water previously purified by use of 
these resins until the effluent showed a pH of 2.5 for IRi and 6.5 for IR4. 

The break-through point for all rates was very sharply defined. After several 
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cycles which gave the same pH and volume relations, these towers were operated 
on a volume basis, pH determinations being used as a frequent check on the re- 
generation and purification processes. An automatic overflow was installed to 
prevent water from entering the containers after the break-through point was 
reached. 

In table 1 are presented the pH of de-ioni25ed water at time of sampling, rate 
of flow through towers, and the concentration of soluble salts in the sample. 
Tap, distilled, and redistilled water are used for comparison. 

As is readily seen in table 1, when the pH was below 5.0 the concentration of 
the soluble salts in the de-ionized water was much less than that of redistilled 
water. The only readings for soluble salts obtained on “Amberlite’ -treated 
water, while the pH was 3.0 and 4.5 for IRi and IR 4 respectively, was obtained 

TABLE 1 


Concentration of soluble salts in de-ionized water ^ as influenced by rate of floiOf as co7npared 
with tapf distilled^ and redistilled water 


WATER SAMPLE 

RATE OF FLOW 

P 

IRx 

FI 

IR4 

SOLUBLE SALTS 


cc.lmin. 



p.p,m. 

Tap water*. 




262.5 

Distilled 




2.9 

Redistilled 




1.0 

Amberlite 1 

1,000 

3.0 

4.5 

0,1 

Amberlite 2 

1,000 

3.3 

5.4 

9.8 

Amberlite 3 

750 I 

3.0 

4.5 

0.1 

Amberlite 4 

750 

3.3 

5.3 

59.8 

Amberlite 5 

500 

3.0 

4.5 

0.0 

Amberlite 6 

500 

3.7 

5.3 

87.0 

Amberlite 7 

250 

3.0 

4.5 

0.0 

Amberlite 8 

250 

5.3 

5.9 

120.6 


* pH of tap water ranged from 7.0 to 7.5. 


with a flow of 750 and 1000 cc./min. At these two rates of flow considerable 
difficulty was encountered in preventing the stoppers from blowing out of the 
towers. A comparison of the pH values for IRi and the soluble salts for the 
even-numbered samples indicates a direct relationship between the pH and 
amount of soluble salts present. The slower rates of flow had a much sharper 
break-through point than the faster rates of flow. 

For spectrographic analysis another set of samples w^as collected. These con- 
sisted of two samples of water treated with IRioo and IR4, four samples treated 
with IRi and IR 4 with the pH at 3.0 and 4.5 respectively, tap water, distilled 
water, and redistilled water. Table 2 presents the analysis of these samples lor 
zinc, copper, lead, iron, calcium, manganese, magnesium, and sodium. 

The data in table 2 show that all cations were reduced when the water was 
passed through ^‘^Amberlite.^^ Since all cations were reduced lielow the level 
of that of distilled water except for the magnesium, sodium, and calcium content 
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of water treated with IRioo, indications are that the ^^Amberlite’’ in these towers 
may not have been completely regenerated and washed. Also, the two samples 
treated with IRioo were collected from the first cycle of these towers. The abnor- 
mally high magnesium content of these samples indicates that the samples may 
have been contaminated. Such concentrations of magnesium should not occur 
in subsequent cycles with proper manipulation. The data indicate that water 
passed through ''Amberlite” is comparable to redistilled water in regard to cation 
content and is equal to redistilled water in regard to copper content. 

The four samples of water treated with IRi in table 2 were obtained without 
regeneration of IR4. Apparently the use of IR4 until it becomes saturated has no 
harmful effects on the quality of the water. The pH of the final water increased 
approximately 0.1 for each cycle after regeneration of IR 4 . 

TABLE 2 


Spectrographic analysis* of cations in de-ionized water as compared with tap, distilled, and 

redistilled water 


SAMPLE 

Zn 

Cu 

Pb 

Fe 

Ca 

Mn 

Mg 

Na 


p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

Tap 

0.02 

0.0070 

0.002 

0.6 

6.0 

0.02 

lO.OH-d-* 

5.0 

Distilleclf 

0.02 

0.1400 

0.010 

0.12 

0.3 

0.01- 

10.0+ 

0.2 

Redistilledf 

0.00 

0.0014 

0.000 

0.01- 

0.01- 

0.01- 

0.01- 

0.01- 

Amberlite 1 (IRioo) 

0.00 

0.0003 

0.000 

0.01- 

0.3 

0.01- 

10.0+ 

0.2 

Amberlite 2 (IRioo) 

0.00 

0.0014 

0.005 

0.03 

1.2 

0.01- 

10.0+ 

1.0 

Amberlite 9 (IRi) 

0.01 

0.0035 

0.000 

0.03 

0.01- 

0.01- 

0.01- 

0.01- 

Amberlite 10 (IRi) 

0.01 

0.0008 

0.000 

0.01- 

0.01- 

0.01- 

0.01- 

0.01- 

Amberlite 11 (IRi) 

0.01 

0.0016 

0.002 

0.03 

0.01- 

0.01- 

0.01- 

0.01- 

Amberlite 12 (IRi) 

0.00 

0,0017 

0.000 

0.03 

0.01- 

0.01- 

0.01- 

0.01- 


* -f + indicates amount present much greater than value given; +, amount present 
greater than value given; — , amount present less than value given, 
t Obtained from a copper still. 
t Obtained from a glass still using distilled water. 

The copper content of the water samples used in table 1 was tested by use of 
sporangia of Phytophthora infestans Thax. (Guss.), the germination of which is 
greatly reduced by the presence of small quantities of the element. The sporan- 
gia showed 1 per cent germination in tap water, 40 per cent in distilled water, 
and 95 per cent in redistilled water; in samples of ''Amberlite^-treated water 
collected when the pH was 3.0 and 4.5 (odd-numbered samples in table 1) they 
showed an average of 65 per cent germination, and in those collected when the 
pH was above 5 (even-numbered samples in table 1 ), an average of 69 per cent 
germination. The germination of the sporangia indicated that the copper con- 
tent of treated water was lower than that of distilled water but not so low as 
that of redistilled water. It also indicated that there is a continued adsorption 
of copper after the break-through point for the cation exchanger has been 
reached. The greater germination of the sporangia in distilled water as com- 
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pared to tap water may be due to the presence of soluble salts other than copper 
in tap water. The effects of other soluble salts upon germination is unknown. 
Also the presence of small quantities of dissolved resins may have resulted in a 
germination percentage lower for de-ionized water than for redistilled water. 

SUmiARY 

The use of synthetic resins such as “Amberlite^’ in the purification of water 
appears to be very promising. The water treated with these ion-exchangers 
is comparable and in many respects superior to distilled water, whereas in several 
respects the de-ionized water is very comparable to redistilled water. 

Conductivity determinations indicate that the break-through point for the 
towers may be determined by the use of an ordinary laboratory model pH meter. 
Such a meter may also be used to regulate the regeneration and washing process 
after each cycle. 

Germination of sporangia of Phytophthora mfestms Thax. (Guss.) indicated 
that there is a continued adsorption of copper after the cation exchanger is 
saturated and also that the copper content of the water is lower than that of 
distilled water but not so low as that of redistilled water. 
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Chlorosis on high-lime soils is generally due to a deficiency of either iron or 
manganese. In Utah this type of chlorosis has been attributed to iron deficiency 
because chlorotic fruit trees have responded to injections and sprays of iron salts 
but have shown no noticeable improvement from treatment with manganese 
(33). Iron deficiency in plants has been widely associated with a high lime con- 
tent of soil, or with poor drainage and poor aeration. The present studies are 
confined to chlorosis on high-lime soils without water tables or impeded drain- 
age. The purpose of the paper is to consider some of the factors influencing iron 
absorption and utilization by plants. 

The extensive literature concerning iron chlorosis on high-lime soils shows no 
consistent agreement on whether chlorosis results from iron insolubility in soils, 
thus preventing adequate absorption by the plant, or whether it results from 
unbalanced physiological conditions within the plant preventing iron transport 
and utilization. Both points of view will be considered. 

REVIEW OF LITERATURE 

Factors a^ffeciing iron solubility in soils 

The role of lime in inducing chlorosis is complicated by the fact that there is no 
consistent difference in the lime content of soils where plants are green and where 
they are chlorotic, even though such differences may exist within limited areas 
(14, 30). Some investigators have held that interactions between lime and other 
soil constituents may account for iron insolubility. Buehrer and Williams (3) 
have shown that the hydrolysis of calcium carbonate in high-lirae soils results in 
high pH values. This theory has been applied to iron solubility ( 1 2, 30) by show- 
ing that interactions between lime and moisture increased soil pH and that this 
is related to iron solubility in soils. The latter investigations showed a good 
correlation between pH of dilute soil suspensions and the incidence of chlorosis. 
This is in agreement with several studies showing that chlorosis and the pH of 
high-lime soils are related to soil texture,- profile characteristics, and moisture 
content (4, 11, 13). 

Most, studies of chlorosis have not attached much significance to tlie form in 
which iron is absorbed and utilized by plants, but several recent papers (17, 28) 
have stressed the importance of ferrous iron in plant nutrition. Relationships 
between ferrous and ferric iron in high-lime soils have not been adequately in- 
vestigated. Brewer and Carr (2) reported that ferrous iron is not readily pre- 
cipitated as the hydroxide and is available to plants in low-lime soils witli pH 
values as high as 8.0, Wilh^*^ (34), also working with low -lime soils, showed that 
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aa increase in reducing conditions increases the solubility of iron. He believes 
that much of the beneficial influence of organic matter on plant growth is due to 
the promotion of a more favorable Eh in the soil. Kliman (17) asserts that iron 
can be absorbed by plants in only the ferrous form and, like Willis, gives evidence 
in support of soil organic matter as a soil-reducing system. Chapman (5) found 
that in high-lime soils organic matter brings iron into solution but that calcium 
carbonate is continually removing it from the solution. The concept that 
organic matter increases iron solubility is opposed, however, by observations in 
Utah that treatment of high-lime soils with farm manure frequently increases 
the amount and severity of chlorosis. 

Plant characteristics associated with chlorosis 

A number of studies have reported the comparative analysis of chlorotic and 
green plants. Most investigators (5, 8, 10, 20, 22) have found slightly more iron 
in green leaves, but Allyn (1) and Wallace and Mann (31) observed no distinct 
difference in composition. All results were reported on dry weight, green weight, 
or ash basis. Oserkowsky (22) found no correlation betw^een total iron and 
chlorophyll in leaves. He concluded that total iron in plants is of little signifi- 
cance but that active iron in plants is directly related to chlorophyll formation, 
where active iron is included in the iron soluble in N HCl. Undoubtedly much 
of the iron in plants is present in inactive forms. 

In some investigations iron deficiency in leaves has been related to low-potas- 
sium nutrition. Cullman et al. (6) obseiwed such a result with peach trees 
grown in nutrient solutions. Allyn (1) found that potash and manure treatments 
on limed soils decreased deposition of iron at the nodes of corn. Observations 
with corn have led to the theory that potassium facilitates iron movement in 
plants (1). On the basis of such studies and a few leaf analyses, some of the 
earlier writers in plant physiology attributed iron chlorosis to the prevention, by 
potassium deficiency, of iron transport within plants (8). Most studies of 
chlorosis on high-lime soils indicate, ho\vever, a greater concentration of potas- 
sium and a lower concentration of calcium in chlorotic leaves than in green 
leaves (9, 10, 19, 31, 32). Such results have been interpreted as indicating an 
antagonism between iron and potassium in chlorophyll formation (24). But 
Oserkowsky (21) found no difference between potassium and iron concentrations 
in tracheal sap of green and chlorotic branches from the same orchard. 

In several studies an inverse relationship has been found between the pH and 
the iron content of sap expressed from leaves and branches (16, 21, 23). Rogers 
and Shive (23) suggest that the numerous exceptions to this generalization might 
be explained by the presence of larger amounts of organic iron solvents in the sap 
of some plants. 

The close relationship between iron chlorosis and the manganese nutrition of 
plants is widely recognized. This relationship is well illustrated by the recent 
work of Sommers and Shive (29) in which plants with a constant source of iron 
were chlorotic, green, or chlorotic as the manganese level of the nutritient solu- 
tion was varied fium low to medium to high, respectively. High ratios of man- 
ganese to iron apparently induce chlorosis by oxidizing iron to the more in- 
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soluble ferric forms. Plants growing on high-lime soils usually have moderate 
to low content of manganese (5), but the ratios of manganese to iron in available 
forms in high-lime soils or in active forms within plants are not known. 

It has been suggested (5, 25, 28, 29) that frequently the oxidation-reduction 
systems of chlorotic plants may be out of balance, resulting in the oxidation of 
ferrous to ferric iron and a subsequent iron precipitation. This theory is in 
harmony with the conclusion of Kliman (17) that only reduced iron is active in 
plants. 

Recent suggestions of the importance of ferrous iron in soils and in plant nutri- 
tion indicate new approaches in the study of iron chlorosis. Studies are in prog- 
ress in this laboratory on relationships between ferrous and ferric iron and chloro- 
sis, oxidation-reduction systems and potentials of soils and plants in relation to 
chlorosis, and relationships between organic matter and acidulated materials 
and iron availability in high-lime soils. This report covers some of the data 
obtained in preliminary experiments related to the first phase of the projected 
investigations. 

MATERIALS AND METHODS 

Chlorosis is widespread on high-lime soils in fruit-producing areas of Utah. 
For preliminary studies paired samples of soils and leaves w’ere obtained from 
closely adjacent areas where plants W'ere green and \vhere they were chlorotic. 
Soil samples W'ere taken from the sides of freshly dug holes. For leaf samples 
100 leaves w'ere obtained from the outer ends of current terminal twig growths of 
one tree, or of twm or four adjacent trees, depending on the uniformity of the 
chlorotic condition. Plants studied included peach, pear, prune, apple, grape, 
and honey locust. All leaves w'ere w’ashed in distilled wiiter. Those for ‘^sap*’ 
studies W'ere dried of excess w'ater betwmii blotting papers and frozen, thawed 
rapidly, and put in a hydraulic press at 10,000 pounds’ pressui*e. The sap w'as 
further clarified by passage through fine filter paper, or for some purposes tlirough 
Pasteur-Chambeiiand filters. About 10 per cent of the leaves w^ere selected at 
random from each sample. Each leaf selected W'as traced on paper of uniform 
w'eight. The tracings w'ere cut out and the average W'eight per unit leaf area for 
each sample wiis calculated from the w'eights of the leaves and the W'eights of the 
tracings. 

Iron wiis determined in the ferrous form by the method of Dyer and McFarlane 
(7) using a'a'dipyridyl. Ferric iron was taken as that reduced by sodium hydro- 
gen sulfite, ' except in a few studies w’here iron w’as determined directly in ferric 
form' by the thiocyanate method. Color comparisons w'ere made in an Amiiico 
Type F electrophotometer, A Beckman glass electrode assembly w”as employed 
for pH determinations. . Other analyses were mad,e in accordance ^vith usual 
procedures, or according to later specifications. 

RESULTS 

Soil Btudm 

In an earlier study it was found (30) that more iron is extracted }>y solutions 
of oxalic acid from soils producing green plants than from those producing chlo- 
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rotic plants. Later analyses of such extracts showed that the difference in extract- 
able iron was due chiefly to greater amounts of ferrous iron in the extracts of soils 
producing green plants, but there was no appreciable difference in the ferric iron 
content of the soil extracts. This appeared to indicate a significant difference 
in ferrous iron content of the soils studied; but further tests indicated that oxalic 
acid will reduce solutions of ferric chloride to the ferrous state when organic 
materials are present, and that well-drained calcareous soils contain no deter- 
minable quantities of water-soluble or replaceable iron in ferrous form. The 

TABLE 1 


Iron and manganese soluble in 1-5 extracts of soil with normal ammonium acetate plus 0.2 
per cent hydroquinone solutions at pH 5 and pH 7 


ORCHAED 

COUNTY 

MANGANESE (pH 5) 

MANGANESE (pH 7) 

IRON (pH 5) 

Chlorotic 

Green 

Chlorotic 

Green 

Chlorotic 

Green 



p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

1 Pear 

Utah 

121 

140 

43 

75 

0.3 

12.0 

2 Pear 

Utah 

117 

152 

38 

60 

3.2 

7.5 

3 Pear 

Utah 

151 

163 

62 

60 

10.0 

10.0 

4 Peach 

Utah 

120 

140 

43 

50 

2.5 

8.7 

5 Peach 

Utah 

189 

134 

84 

67 

1.3 

6.8 

6 Peach 

Utah 

111 

117 

34 

117 

1.1 

2.9 

7 Peach 

Utah 

127 

151 

23 

31 

2.6 

6.0 

8 Peach 

Utah 

127 

132 

52 

91 

1.7 

4.0 

9 Peach 

Utah 

83 

142 

29 

72 

1.2 

2.5 

10 Peach 

Utah 

133 

127 

42 

36 

0.9 

4.6 

11 Peach 

Utah 

129 

147 

55 

45 

1.0 

1.5 

12 Grape 

Cache 

86 

115 

32 

59 

6.8 

16.9 

13 Peach 

Utah 

113 

159 

45 

67 

6.4 

4.8 

14 Pear 

Utah 

no 

128 

44 

47 

4.0 

4.6 

Mean 


122.6 

139.1 

44.7 

62.6 

3.07 

6.63 

Mean difference 

Standard error of mean dif- 

16.6* 

17.9* 

3.56** 

ference 


5.67 

6.58 

1.01 


Mean difference significant beyond the 5 per cent level. 
** Mean difference significant beyond the 1 per cent level. 


results did indicate, however, that iron in soils where plants are green may be 
more readily reduced than iron in soils of chlorotic areas. 

Sherman cl aL (26, 27) have related the availability of manganese in soils to 
that which is reduced by a normal solution of ammonium acetate (pH 7.0) con- 
taining 0,2 per cent hydroquinone. This method of analysis 'was applied to fresh 
samples of several surface soils. Some of the data obtained are shown in table 1. 
Since little iron was obtained with a pH 7.0 buffer, analyses were repeated with 
the ammomum acetate adjusted to pH 5.0. The extraction at pH 7 brought less 
manganese into solution but did not differentiate better than the extraction at 
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pH 5 between soils producing green plants and those producing chlorotic plants. 
The quantities of iron removed at pH 7 were usually too small for accurate deter- 
mination. 

The data of table 1 indicate that both iron and manganese were reduced sig- 
nificantly more by the hydroquinone solution in soils producing green plants 
than in soils producing chlorotic plants. No determinable quantities of either 
element wxre removed from the soils by the ammonium acetate solution without 
hydroquinone. The quantities of calcium and potassium extracted from soils 
by the ammonium acetate solution at pH 5 were also determined. The calcium 
contents of the extracts were consistently higher in the soil samples from clilo- 
rotic areas than in paired samples from green areas, but the quantities of potas- 
sium extracted showed no relation to chlorosis. 

TABLE 2 


Iron solubility as influenced by iron additions to soil 
Normal ammonium acetate, pH 5, plus 0.2 per cent hydroquinone extracting solution 


SOIL NUMBER 

SOIL DEPTH 

PLANT APPEARANCE 

CaCOi 

1 

pH SOIL 
PASTE 

IRON EXTRACTED FROM SOILS 

No Fc 1 
added » 

Fe«“ 

added* 

added* 


inches 


per cent 

[ 

p.p-m. 

p.p.m. 

p.p.m. 

3 

0-12 

Chlorotic 

1 21.5 

8.04 

\ 7.8 

10.6 

^ 9.1 


12-24 

Chlorotic 

46.4 

8.09 

i 5.0 

16.1 

1 10.0 

3A 

0-12 

Green 

6.2 

7.62 

8.8 

1 14.2 

12.1 


12-24 

Green 

37.3 

00 

7.S 

16.9 ' 

13.5 

5 

0-12 

Green 

0.72 

7.81 ^ 

13.8 

1 26,0 

24.2 


12-24 

Green 

0.60 

7.70 

16.4 1 

i 24.2 

26,8 

6 

0-12 

Green 

0.00 

6.80 

13.8 

5 

! 25.8 

i 

21.5 


* 200 mgm. of ferrous or ferric iron added as the chloride salt. 


The influence of calcareous soils on soluble iron is illustrated in table 2, Iron 
in the form of dry chloride salts was mixed with fresh soil samples at the rate of 
200 7 of iron per gram of soil. The soil was brought to about the moisture 
equivalent and kept at about 25 ° C. for 12 hours before extractiori. Soils 3 and 
3A are from adjacent areas differing in chlorosis. Soils 5 and 6 are from areas 
in which no chlorosis has been observed. The results indicate a rapid reversion 
of iron to forms not readily reducible by hydroquinone. The reversion was 
slightly less in the loAv-lime soils which do not induce chlorosis. Somewhat less 
iron was reduced by the hydroquinone in soils from chlorotic areas than in soils 
from adjacent areas of green plants, 

Plmt Btitdies 

No consistent difference has been found by various investigators between the 
total iron content, of green and chlorotic leaves. Usually results have been ex- 
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pressed on a dry or a green weight basis. These methods fail to allow for the 
stunted growth of chlorotic plants. It appears to the authors that expression 
of leaf composition on an area basis makes better allowance for growth differ- 
ences. Expression on an area basis does, however, introduce another error in 
that green leaves are frequently thicker than chlorotic leaves. In the present 
study expression of leaf composition on the basis of leaf area resulted in a greater 
difference between the composition of chlorotic and green leaves with respect to 
iron, manganese, and calcium but did not change the potassium relations appre- 
ciably. This is shown in table 3. On an area basis, the green leaves contained 
significantly more iron than the chlorotic leaves; but on a dry weight basis, the 
differences were not significant. For manganese and calcium the mean differ- 

TABLE 3 


Composition of chlorotic and green leaves 




NUM- 









PLANT 

PLANT 

APPEAKANCE 

BER OF 
SAM- 
PLES 

IRON 

MANGANESE 

CALCIUM 

POTASSIUM 




p.p.m. 

yfcm.^ 

p.p.m. 

yjcm.^ 

per 

cent 

yfcm.^ 

per 

cent 

y!cm.^ 

liliberta peach .... 

Chlorotic 

4 

114 

0.68 

2.0 

.012 

1.22 

71.5 

0.599 

37.3 

Elberta peach .... 

Green 

4 

136 

0.97 

8.0 

.061 

1.57 

109.5 

0.232 

17.3 

Bartlett pear 

Chlorotic 

3 

95 

0.68 

14.6 

.102 

1.57 

116.7 

0.194 

13.5 

Bartlett pear 

Green 

3 

125 

1.16 

24.2 

.211 

2.11 

163.0 

0.103 

9.5 

Jonathan apple . . . 

Chlorotic 

1 

158 

0.65 

16.7 

.067 

1.62 

62.0 



Jonathan apple . . . 

Green 

1 

169 

0.86 

30.9 

.160 

1.45 

75.0 



Concord grape 

Chlorotic 

1 

138 

0.73 

15.6 

.084 

1.45 

76.0 



Concord grape — 

Green 

1 

104 

0.79 

53.5 

,368 

2.25 

155.0 



Mean 

Chlorotic 


.... M, . . .. , 1 

115.0 1 

0.68 

9.34 

.056 

1.40 

86.1 

0.438 

27.9 


Green 


132.4 

1.00 

21.2 

.155 

1.81 

128.6 

0.181 

14.1 

Mean difference 

17.4 

0.32* 

11.86* 

.099** 

0.41* 

42.5** 

.257 

13.8 

6.07 

Standard error mean difference 

10.84 

0.102 

3.68 

.025 

0.13 

8.68 

.100 


Significant beyond the 5 per cent level. 
Significant beyond the 1 per cent level. 


ences for the diy weight basis were significant, but the differences were highly 
significant for expression on the area basis. The difference with respect to potas- 
sium would probably have been significant if as many samples had been analyzed 
as were tested for iron and manganese. Though the data presented on leaf com- 
position indicate a significantly greater content of iron and manganese per unit 
of area in green leaves than in chlorotic leaves, it is believed the form and activity 
of iron are more important than the total. 

Table 4 gives the average composition of current-year twig growth of peach 
and pear trees. Results among individual samples were variable, and conse- 
quently the differences in composition between twigs from chlorotic and from 
green ti'ees are not significant. A distinct difference in the iron content of fruit 
is indicated, however, in table 5. 
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A number of analyses were made on the nitrogen content of leaves* In agree- 
ment with findings of several other investigators, the data sliowed tliat chlorotic 
leaves contained appreciably more ammonia nitrogen than green lea\' es, but there 
was no consistent difference between leaves in the content of nitrate nitrogen. 

Solubility in various extracting solutions has been employed as a criterion of 
the mobility of iron in plants. Oserkowsky (22) found a positive correlation 
between percentage of chlorophyll in leaves and iron soluble in N HCl, but not 
between chlorophyll and total iron in leaves. Some results obtained in the pres- 
ent study with such HCl extractions are shown in table 6. These data, in agree- 
ment with the results of Oserkowsky, indicate a much greater content of HCl- 

TABLE 4 


Composition of terminal branches from chlorotic and green trees 
Average values 


VAMETY 

LEAF APFEAXANCE 

IRON 

MANGANESE 

CALCIUM 

1 

POTASSIUM I SODIUM 

Elberta peach 

Eiberta peach 

Bartlett pear 

Bartlett pear : 

Chlorotic 

Green 

Chlorotic 

Green 

p.p.m. 

96 

71 i 
81 ! 
108 

p.p.m. 

7.0 

6.3 

5.0 

1 8.5 

Per ceni 

1.06 
0.90 : 

1 0.78 

1 0.70 

per cent |, per ceni 

.035 1 .035 

.027 1 .045 

.037 1 .045 

.041 ! .043 

! 


TABLE 5 

Average iron content of fruit from chlorotic and green trees 
Near maturity 


VARIETY 

PLANT APPEARANCE 

NUMBER OF 
FRUITS 
ANALYZED 

IRON PER KC-M. 
GREEN WT. 

IRON PER FRUIT 

Peach ' 

Chlorotic 

23 ^ 

mgm. 

24.1 

mim. 

0.823 

Peach 

Green 

25 

36.5 

2.062 

Pear 

Chlorotic 

i 13 

14.8 

1.683 

Pear 

Green 

! 11 

21.8 

2.225 



soluble iron in green leaves than in chlorotic, A second extraction of the leaves 
in the same manner gave only traces of iron, indicating that the first extraction 
removed readily soluble iron from the plant tissues. 

In later work the significance of ferrous iron in plant tissues became of interest, 
and similar extractions were repeated with various reagents, analyses being made 
on the extracts for ferrous and 'ferric iron. Representative results are shown in 
table 7. These data were obtained by extraction of Concord grape leaves by 
grinding them in a mortar under an oil film with silica sand and a 1:10 (green 
weight) dilution of the leaves with the solutions. Greater quantities of ferrous 
iron were extracted by tlie acid solutions from green than from chlorotic leaves. 
It was found, however, that like oxalic acid, these reagents are able to reduce 
ferric iron in the presence of certain organic materials. The quantities of iron 
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reduced in 1 per cent solutions of glucose and of starch are shown in table 8. 
Aluminum chloride and formic acid reduced the most iron in the presence of 
glucose, and formic acid brought about the greatest reduction in the presence of 

TABLE 6 


Iron extracted from chlorotic and green leaves hy IN HCl 
Average values 



PLANT APPEARANCE 

NUMBER OF 

IRON EXTRACTED 

PLANT 

LOCATIONS 

Per gm. 
green wt. 

Per gm. dry 
wt. 

Per cm.® 

Elberta peach 

Chlorotic 

8 

y 

9.31 

y 

26.24 

y 

0.144 

Elberta peach 

Green 

8 

20.80 

52.86 

0.349 

Bartlett pear 

Chlorotic 

3 

6.81 

16.57 

0.109 

Bartlett pear 

Green 

3 

21.33 

38.50 

0.350 

Jonathan apple 

Chlorotic 

1 

4.00 

14.5 

0.077 

Jonathan apple 

Green 

1 

15.00 

39.8 

0.268 

Concord grape 

Chlorotic 

1 

I 4.90 

19.0 

0.078 

Concord grape 

Green 

1 

12.30 

36.0 

0.187 

Prune 

Chlorotic 

1 

6.50 

25.0 

0.123 

Prune 

Green 

1 

20.5 

51.0 

0.410 

Mean 

Chlorotic 


7.88 

22.73 

0.126 

Mean 

Green 


19.87 

47.51 

0.336 

Mean difference 



11.99** 

24.78** 

0.210** 


Mean difference significant beyond the 1 per cent level. 


TABLE 7 


Iron extracted from chlorotic and green grape leaves hy various acids 
Extractions made in absence of air 


EXTRACTING SOLUTION 

CHLOROTIC LEAVES 

GREEN LEAVES 

Fe-H- 

Fe-^ 

Total 

Fe++ 

Fe+++ 

Total 

■iVHCi' 

1.45 N HAc 

1.14 N 1100011 

ytm^ 

19 

106 

33 

y/gm. 

36 

0 

14 

y/gm. 

55 

106 1 
47 

y/gm. 

36 

124 

53 

y/gm. 

25 

0 

12 

y/gm. 

61 

124 

65 


starch. All acids extracted greater amounts of ferrous iron from green than from 
chlorotic leaves. This favors the assumption that the differences in extractable 
ferrous iron are not entirely due to a larger proportion of active organic matter 
in the green leaves. This assumption is further supported by the relatively large 
quantity of ferrous iron extracted from the leaves by acetic acid and the low re- 
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^ this acid in the presence of either glucose or starch. It is also 
^ greater quantities of ferrous iron were obtained from the 


TABLE 8 

Reduction of ferric iron by various chemicals as influenced by gbwase and starch 


250 7 ferric iron present 



Fe++AFTEK i HOUR 

Fe+'+ AFTER ! HOUR 

Glucose + 1 N HCL . . 

7 

12.0 

13.0 

5.0 

13,5 

i 8.5 i 

1 6.5 i 

1.5 * 

15.0 1 

0.5 i 

0.0 

y 

18.5 

26.5 
.13.5 

30.0 

13.0 

13.0 

6.5 

40.0 

0.5 

0.0 

Glucose -f- 3% Aids 

Glucose -f- 1.45 iV HAc 

Glucose -1- 1.14 AT HCOOH 

Starch -f 1 N HCl 

Starch + 3% AlCh 

Starch 4- 1.45 A' HAc. . . . 

Starch -h 1 . 14 iV HCOOH . . 

1.45 N HAc alone* 

CO 2 , 1 atmosphere pressure 

* • I . . - - . - 


* No appreciable reduction of ferric iron by any of the chemicals alone. 


TABLE 9 

Oxidation, reduction, and retention of iron added to leaf exderacts 
250 7 ferric iron added per 50 ml. of suspension containing 2 gm. of green leaf tissue 


PLANT 

LEAF APPEARANCE 

LEAVES GROUND IN 

N HCi 

LEAVES GROUND IN 
WATER 

reduced 

Fe 

retained 

I 

reduced 

Fe 

retained 



7 

7 

7 

7 

Grape 

Chlorotic 

91 

153 

10 

75 

Grape 

Green 

129 

93 

24.5 

5 

Peach 

Chlorotic 

51 

0 

0 

125 

Peach 

Green 

107 

50 


105 

Apple 

Chlorotic i 

151 

41 

0 

250 

Apple 

Green 

196 

84 

0 

250 

Pear 

Chlorotic 

71 

: 218 

150. 

* 65 

Pear. 

Green 

87 

1 

160 1 

175 

; 57 

Prune 

Chlorotic 

69 

72 ! 



Prune 

Green 

79 

43 



Mean 

Chlorotic 

87 j 

97 i 



Mean 

Green 

120 1 

1 

86 i 




green leaves whereas the opposite tendency is observed for ferric iron. It should 
be pointed out, however, that green leaves usually contain larger quantities of 
sugars than chlorotic leaves. This might have increased iron i"e(Iue;iion by the 
reagents. 
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If green leaves maintain a greater proportion of iron in reduced form than do 
chlorotic leaves, the oxidizing or reducing potential in reference to iron should be 
indicated by adding solutions of ferrous or ferric iron to freshly ground leaf 
tissues. In one investigation 2-gm. samples of fresh leaves were ground in the 
presence of 47.5 ml of either N HCl or boiled distilled water. To each ground 
sample 2J ml. of solution containing 250 y of iron as ferric chloride or 110 y as 
ferrous chloride was added. After 30 minutes, aliquots were taken for analysis. 
The results are shown in table 9. ‘Tron retained” is that which will not react 
with the dipyridyl reagent with or without a reducing agent. In all cases ex- 
tracts of green leaves reduced more ferric iron than the extracts of clilorotic 
leaves. In no case was any of the added ferrous iron retained or oxidized by the 
leaf extracts, and therefore these results are not tabulated. 

TABLE 10 


Oxidation^ reduction, and retention of iron by expressed leaf sap 
250 7 Fe"^ and 110 y Fe++ added to 1 ml. sap 


PLANT 

LEAP APPEA3LANCE 

pH OP SAP 

2S0 7 Fe+++ ADDED 

110 7 Fe++ ADDED 

Fe+++ 

reduced 

Fe 

retained 

Fe++ 

oxidized 

i Fe 

retained 




7 

7 

7 

7 

Concord grape 

Chlorotic 

3.57 

240 

10 

0 

20 

Concord grape 

Nonchlorotic 

3.55 

250 

0 

0 

6 

Pear 

Chlorotic 

5.89 

130 

30 

40 

20 

Pear. 

Nonchlorotic 

5.52 

! 

184 

50 

20 

20 

Peach 

Chlorotic 

5.56 

188 

20 

0 

0 

Peach 

Nonchlorotic 

5.42 

220 

20 

0 

0 

Vinifera grape 


3.02 

224 

26 

0 

0 


In table 10 are reported representative results of similar tests in which ex- 
pressed plant sap was used in place of the acid or water extracts. One milligram 
of the expressed sap was added to make a total volume of 25 ml. containing either 
the ferrous or ferric iron. The sap exhibited somewhat greater reducing powers 
than the extracts, but the tendency for green leaves to reduce iron more rapidly 
than the chlorotic leaves is again demonstrated. 

Some preliminary measurements were obtained on oxidation-reduction poten- 
tials showing that, in general, the saps from chlorotic leaves have more negative 
potentials than those from green leaves. Further studies are being conducted 
on potentials of both soils and plant tissues. 

DISCUSSION 

The data obtained support the concept that ferrous iron is of fundamental im- 
portance in plant nutrition and chlorophyll formation. Results of this study and 
theoretical considerations indicate that no appreciable quantities of ferrous iron 
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would ^ exist for any period of time in high-lime soils under eomnioii moisture 
conditions. A reaction taking place between ferrous iron and soil lime can be 
represented as follows: 

p' 0 ++ ^ CaCOs = FeCOs + Ca*^ 

4FeC03 + O 2 + Ca(HC03)2 = 2 Fe 2 (C 03)3 + Ca(OH)2 
Fe 2 (C 03)3 + 3H2O = FesOs + 3H2CO3 

The second reaction is reported to proceed vigorously with release of con- 
siderable heat when ferrous carbonate is in a moist condition (18, p. 363). Since 
ferrous iron is relatively unstable in the presence of lime, its existence at the root- 
hair surface would depend on how easil}^ iron in the soil can be reduced and on the 
reducing potential exerted by plant root and local soil components. Forms in 
which iron occurs and the general oxidation-reduction potential of the soil would 
also be significant factors in controlling iron availability in ferrous form. 

Since the acid extracting reagents employed are able to reduce ferric iron in the 
presence of oi'ganic matter, an accurate estimate of the quantity of ferrous 
and ferric iron in soils is not possible. The reduction of ferric iron by aluniinum 
chloride solution in the presence of glucose and starch raises tlie question v lietlier 
ferrous iron extracted from soils by Ignatieff (15) represented ferrous iron natu- 
rally present in the soil, or whether it was in part that reduced by the reagent. 

In the present study no determinable quantities of iron were removed from the 
soils by the ammonium acetate solution at pH 5 without hydroqiiinone. It is 
concluded, therefore, that the quantities of soluble and replaceable feiToiis or 
ferric iron present in the original soil samples w^ere too small to be of practical 
significance in plant nutrition. If iron is assimilated in ferrous form reduct-ion 
would have to take place near the point of assimilation. 

Sherman et aL (26, 27) concluded that manganese reduced by a solution of 0.2 
per cent hydroquinone at pH 7 is a measure of active manganese aA'ailalile for 
plant nutrition. According to their standard, by wliich 100 p.p.m. of easily 
reducible manganese is necessary to supply plant needs, all of the soils studied 
here must be deficient in this element. Since plant deficiency symptoms are not 
noticeable on many of these soils, the standards established for calcareous soils 
in Kentucky must not be directly applicable to calcareous soils of this area. 

The value of reducing solutions for estimating iron availability in calcareous 
soils needs further study, but in this investigation iron has been more easily re- 
duced in soils producing green plants than in those producing chlorotic plants. 

Though the significance of ferrous iron within the plant seems to be widely 
accepted, little is known concerning internal plant factors associated with ferrous- 
ferric iron equilibrium. The difference in capacity of the sap ol chlorotic and 
green leaves to reduce ferric iron indicates a difference in the oxidation-reducd ion 
systems within the leaves. Relations between pH and oxidation potential can- 
not be ignored, but since pH in itself has not always differed between compar- 
able samples of chlorotic and green leaves, a combined consideration of pH and 
Eh may furnish a more complete explanation of iron mobility and chlorophyll 
formation. 
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Available information does not suggest any direct relation between the cal- 
cium, potassium, and nitrogen content of leaves and the state of oxidation, but 
the influence of these elements on S3mthetic processes indicates that under given 
conditions they might favor more oxidizing or reducing potentials. 

This investigation does not solve the problem of whether chlorosis is due to 
iron unavailability in the soil or to lack of mobility in the plant, but the study 
does suggest that the same relationships regarding ferrous and ferric iron exist 
in both plant and soil. It is probable that the effects are additive in bringing 
about iron immobility. 

SUMMARY 

In a study of soil samples from areas producing chlorotic plants in comparison 
with samples from nearby areas producing green plants it was found that the 
latter soils contained significantly more readily reducible iron and manganese 
(by 0.2 per cent hydroquinone solution) than did soils producing chlorotic plants. 
Ferrous and ferric iron salts added to either class of soil were quickly immobilized, 
only small quantities remaining reducible by 0.2 per cent hydroquinone. 

Chlorotic leaves from peach, pear, grape, prune, and apple contained more 
potassium and nitrogen and less iron and calcium than did green leaves. 

The iron content of green leaves was significantly higher than that of chlorotic 
leaves when results were expressed on the basis of leaf area, but when expressed 
on a dry weight basis the mean difference was not significant. Similar relations 
were also found for the manganese and calcium content of leaves with respect to 
method of expressing the results. 

No significant difference was found in the chemical composition of recent ter- 
minal branch growth from chlorotic and green trees. Iron content of fruit from 
peach and pear trees was appreciably greater for green than for chlorotic trees. 

Green leaves contained more iron soluble in N HCl than did chlorotic leaves. 
Hydrochloric, acetic, and formic acid solutions each extracted appreciably more 
ferrous iron from green leaves than from chlorotic leaves. Although these acids 
are able to reduce some ferric iron in the presence of glucose and starch, the re- 
sults are considered sufficiently distinct to indicate a greater quantity of ferrous 
iron in the green leaves. 

Extracts and sap from green leaves had a greater capacity to reduce ferric 
iron than did similarly obtained extracts and sap from chlorotic leaves. 

The results obtained indicate that soil and plant conditions associated with 
chlorosis are more conducive to the maintenance of iron in insoluble ferric com- 
pounds than are conditions in both soils and plants associated with normal green 
leaf development, 
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Half a centrury ago the black soils of Morocco and of southern Spain were 
mentioned in scientific literature, but it is only recently that they have been 
studied by pedological methods. 

The black Spanish soils have been discussed to some extent in the book Soils 
of the Lusitano-Iberian Peninsula^, where complete analyses of two typical pro- 
files are reported. Our knowledge of the tirs of Morocco is based on a stud^^ 
of more than 200 profiles. These were made on freshly exposed cuts and w'^ere 
carefully sampled and analyzed. This paper is a brief rfeume of a detailed 
study to appear under the title ‘'Soil Types of North Africa.” 

'‘Tirs” is a Berberian term wiiich in Tashelhit dialect signifies "soil” and in 
Tamazirt, "humus,” and is now applied by the natives of Morocco to soils that 
appear to contain much humus.^ There are several subtypes of tirs, such as 
glei tirs and crust tirs, which may be considered as distinct soil types. Soils 
containing' mixed features of both these types are also found. A gray to light 
gray soil, called "fershesh” by the natives, and two other kinds of black soil — 
deep tirs and broken-land tirs — are related to the glei tirs. 

The typical glei tirs, of which there are two varieties, black and gray, extend 
through northwest Morocco (Gharb) on the low fiat plains drained by the Sebou, 
the Lukkus, and smaller rivers and wadis that flow to the Atlantic Ocean. The 
climate is southern Mediterranean, with hot, dry summers and mild, rainy 
\vinters, The rainfall ranges from about 500 or 600 mm. near Port Lyautey to 
about 800 between Arzila and Tangier. 

Along the main rivers of the low’', fiat plain lie strips of alluvial soils of varying 
widths, called dess by the natives. The glei tirs occup}^ the large depressions 
betw^een the streams. The black tirs is found in the lo\rer microrelief levels of 
the depressions, and the gray tirs occupies the other levels. The tirs generall 3 ^ 
have a much higher water table than the dess. 

Many areas of the low^ tirs plain become w^aterlogged under the heaiy winter 
rains and occasional floods, which also raise the water table. In man}" cases 
this condition is of such long duration each year that the land becomes a more 

^ Editor’s note: This paper, translated from the Spanish by the author himself, was 
extensively revised by the editors with the assistance of Jacob S. Joffe, to whom grateful 
acknowledgment is made. The meaning of some passages in the original version was not 
entirely clear^ and as neither the edited manuscript nor the proof was seen by the author, 
responsibility for any misinterpretation of these passages rests with the editors. 

2 Emilio H. del Villar (Trans, by G. W. Robinson) 1937 vSoiis of the Lusitano -Iberian 
Peninsula. Thomas Murby & Co., London. 

3 As summarized by Joffe (Joffe, Jacob S. Pedology, p, 222. Rutgers University Press, 
New Brunswick, N. J., 1936), ‘‘tirs” is “ethnologically a Berberian name meaning ‘black 
humus earth.’ This name is also known in Algeria where it signifies a heavy clay soil.” 
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or less permarient marsh {merdja). Consistent drainage work by the French 
farmers has resulted in a gradual reduction in the extent of the merdjas. 

The natural vegetation of the flooded tirs consists of an association of 
Phragmites communis with Juncus acutus and J. maritimus and of P. communis 
with Scirpus maritimus (the diss of the natives). The latter tends to become 
dominant when the soil is still waterlogged but not submerged. In the course 
of the drying process the succession of species is, first, a moist prairie of Gram- 
inaceae and Papilionaceae, and finally a carpet of xerophytic short grass and 
herbaceous species. On certain reclaimed tracts of gray and of deep black tirs, 
this carpet becomes a thick savanna of tall grasses and herbs, mainly Unibel- 
liferae, such as Ridolfia segeium and Daucus maximus, and thorny composites, 
such as Scolymus maculaius, reaching a height of more than 2.5 m. 

The areas of glei tirs and dess are surrounded, to the west and south, by red 
sandy soils, formed on the do^ms or on materials of similar origin. To the east, 
the areas border isolated tracts of the same do'vms and hills and low mountains, 
where the broken-land tirs is dominant. Some transverse offshoots of these 
two formations divide the low flat area into several separate basins, the largest 
of which — the southern — is crossed by the low Sebou and the Wadis Madegh 
and Mda-Segmet, It was in this basin that most of the glei and glei profiles 
were studied. 

The natural vegetation of the mature or secondary red sandy soils is a forest of 
Quercus suher with scattered groups of Pyrus mamorensis, this latter having 
gro^\m also, it appears, on the immature sandy soils. The suberetum includes 
a woody and herbaceous undergrowth containing many calcifuge species. Scat- 
tered remnants of this forest still exist, but the only extensive area remaining is 
the great tract of La Mamora, south of the low Sebou plain. 

It is presumed that the black tirs is formed from the red sandy soil, and the 
gray tirs, from the dess, by the same hydro-hypogenic process. 

THE GLEI TIRS 

Essentially, a glei tirs profile consists of the following horizons: 

1. One or more upper horizons of heavy clay, with columnar macrostructure and cloddy- 
platy -granular cleavage. The granules are to be found mainly at the tilled surface. 

2. One or more lower mottled glei horizons, which may be clayey or sandy, never loamy 
or silty, and which typically have a polyhedral structure. 

3. Sandy or sandy-clay horizons, which may be interposed between or occur below the 
columnar and the glei horizons. These are the remains of the red sandy parent soils. 

The water table is never far from the surface, its usual depth being less than 
2 m. The ground water and generally the lower horizons are saline, but the 
upper horizons normall.y are relatively free from quantities of salts injurious to 
vegetation. Plant residues are found chiefly in the upper horizons but are not 
necessarily abundant. Mollusk shells or their remains usually are present and 
at times are abundant in almost all horizons, as are old root and worm holes. 

The glei horizons correspond to the depth at which the changing ground-water 
level causes the most frequent alternations of aerobic and anaerobic conditions, 
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and therefore of oxidation and reduction. This results in a diversity of products, 
such as calcareous “bieloglazka’’ and white saline efflorescences, and in mottling, 
which produces yellowish, brown, rusty, reddish, greenish, bluish (vivianite), 
and black patches. 

The columnar macrostructure of the upper clay horizons is very different from 
that of solonetz, being coarser and less regular. When the clayey mass is w^ater- 
logged, the profile face appears massive and amorphous. Upon drying, how- 
ever, it soon cracks vertically. These fissures are marked at the surface by a 
polygonal network, but wfith depth, they become narrow^ and branch out. Aside 
from this vertical macrostructure, the mass breaks into clods and lumps, and 
these into platy chips, wfflich in turn break into irregular granules — a process 
from which is derived the term ^'cloddy-platy-granular” structure. The material 
varies in consistency, depending on conditions: wfflen w-ateiiogged it is soft and 
smeary; on drying, it soon becomes so hard that it can be broken only with a 
hammer. These mechanical features are common to the black and gray tirs. 
In table 1 the mechanical composition of the clayey horizons of black^ and gra^’' 
glei tirs is given. In table 2 the average mechanical composition of many 
samples of various materials and types of tirs is given. 

Analyses of black tirs do not seem to bear out the assertion of some authors 
that these soils are high in organic matter. More organic matter has been found 
in the soils intermediate betw'een the red sands and the black tirs than in the 
black tirs itself. This is especially true for the virgin soils of the black sands, 
which are discussed presently. There seems to be a gradual loss of organic mat- 
ter as the black tirs dries up. Among 38 profiles of black glei tirs examined, the 
organic matter content varied from 0.589 to 2.649 per cent in the surface horizon. 
More than 75 per cent of the samples had an organic matter content above 1.0 
per cent. Data on the organic matter content of several types of tirs are given 
in table 3. 

The black glei tirs, as a rule, contain carbonates, but they are not pedocals. 
The depth at which the carbonate is found varies in different profiles, and the 
increase in carbonate is not constant with depth. The carbonate is the result 
of upward movement of salts. The parent material, the red sand, is devoid of 
carbonates. The “bieloglazki” in the profiles are the remnants of mollusk 
skeletons. 

Soluble sulfates are generally found in these soils, usuall}^ in the deep levels, 
though small quantities are sometimes found in the upper levels of the profile. 

Chlorides are more frequently found, usually in the lower horizons and some- : 
times in the upper horizons. In terms of NaCl, less than 0.03 per cent w^as 
found in the surface of 51.1 per cent of the profiles examined. In the deeper 
layers the NaCl content rises, being within the limits of 0.03 and 0.3 per cent. 

The HCl extracts of these soils shows some interesting features. There is as I 
much as 30 per cent colloidal Si 02 . The R 2 O 3 content is also high, indicating! 
an abundance of sialferic complex. The Si 02 /R 20 s ratio varies but does not 

^ In 19 of 45 profiles of black glei tirs examined, almost all during the dry season, the water | 
table was at a depth of less than 2 m. I 
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reach 4; the SiOs/AhOa does not go higher than 4 and a fraction; and the SiOs/ 
¥6203 goes up to 7, although in one case it was found to be 11.91. The data on 
these and other chemical values are given in tables 4 and 6. 

An analysis of the absorbing complex is given in table 7. It shows an abund- 
ance of colloids and a state of base saturation because of the upward movement 


TABLE 1 


Mechanical composition of the glei clayey horizons of black and gray tirs 



ATTERBERG’S TRACTIONS, PERCENTAGE OF 

THE TOTAL MECHANICAL FRACTION 

TOTAL MECHANICAL 
FRACTION, 


I 

«2m) 

II 

(2-20ai) 

O 

O (—1 

o 

IV 

(200^4-2 

mm.) 

THE 2-MM. dry 
SAMPLE 

Black tirs* 

A yArage . 

i 

73.10 

16.26 

8.42 

0.40 


Minimum 

60.53 

8.16 

0.10 

0 

53.46 

Maximum 

91.26 

28.04 i 

23.59 

2.67 

96.77 

Gray irrsf 

A-Verage 

75.58 

22.44 

1.92 

0.06 


Minimum 

59.01 

15.32 

0.06 

0 

79.44 

Maximum 

84.62 

39.26 

7.28 

0.21 

87.29 








•** Analysis of 55 horizons from 16 profiles, 
t Analysis of 14 horizons from 3 profiles. 


TABLE 2 


Average* mechanical composition of many samples of various materials and types of tirs 


SOIL TYPES 

ATTERBERG’S FRACTIONS, PERCENTAGE OF THE TOTAL 
IklECHANICAL FR.<\CTION 

I «2m) 

II (2-20/x) 

III (20-200m) 

IV 

(200fi-2 mm.) 

Red sandy soils of the downs 

14.53 

5.11 

77.99 

2.36 

Muck underlain with black sands .... 
Transitional from black sands to 

25.05 

4.55 

67.51 

2.89 

black glei tirs 

40.95 

14.60 

36.73 

7.72 

Black glei tirs (clayey horizons) 

73.10 

16.26 

8.42 

0.40 

Gray glei tirs. 

75.58 

22.44 

1.92 

0.06 

Dess 

47.03 

33.76 

19.20 

0.00 


* These averages refer only to the typical horizons of each soil type: the red and sandy 
horizons of the downs; the black and sandy horizons of the black sands; the tirsified hori- 
zons of the tirs; and all horizons of the dess, the profiles of which are very nearly uni- 
form. 

of salts. There is very little sodium in the absorption complex. These soils 
are therefore not of the alkali type®. The pH values of the black glei tirs vary. 

5 In accordance with the nomenclature of the Second Commission of the International 
Soil Science Society, the term saline is applied to soils containing an appreciable quantity 
of soluble salts ; and alkali ^ to those that contain appreciable alkali in the complex. 
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In 81 per cent of the 164 horizons examined, the pH fluctuated between 7.3 and 
7,7; the lowest pH value was 6,4. 


TABLE 3 

Organic matter content of different types of tirs of Morocco 
Percentage of the 2-inin. sample dried at 105°C. 


PROFILES AND HORIZONS 

HUMUS* 

CARBON 

ORGANIC 

MATTER 

(C X 
1.724) 

NITRO- 

GEN 

C/N 

HUMUS/C 

HUMUS 

X 100 

NX 100 

N X 100 

ORGANIC 

MATTER 

ORGANIC 

MATTER 

HUMUS 


per cent 

per cent 

per cent 

Per cent 






Black glei tirs^ 










Gh-107-I 

2.305 

1.990 

3.431 

0.221 

9.01 

1.16 

67.18 

6.44 

9.58 

II 

^ 1.457 

1.258 

2.168 

0.098 

12.88 

1.16 

67.18 

4.50 

6.70 

Ill 

1.323 

1.159 

1.998 

0.090 

12.82 

1.14 

60.20 

4.52 

6.83 

Gh-104-I. ....... . 

1.578 

1.523 

2.625 

0.146 

10.44 

1.03 

60.11 

5.55 

, 9.24 

11 

1.340 

1.034 

1.783 

0.114 

9.06 

1.29 

75.75 

6.40 

8.52 

Ill 

0.539 

0.663 

1.142 

0.060 

11.47 

0.81 

47.21 

5.21 

11.03 

Gray glei iirst 


■ 

j 







Gh-121-I 

0.898 

0.745 

1.284 

0.087 

8.60 

1.20 

69.88 

6.74 

9.65 

Crust tirs^ 










Cas-7-I 

2.049 

1.423 

2.453 

n.d. 


1.44 

83.52 



Cas-8-I 

1.821 

1.224 

2.110 

0.111 

11.07 

1.49 

86.30 

5.24 

6.02 

II 

1.257 

0.881 

1.518 

n.d. 


1.43 

82.78 




* “Humus” includes the organic material extracted by 1 per cent NaOH from the de- 
calcified sample. Analyses by the author. 

t Gh-107. French Gharb from Kudiat Sba, north of the Mda-Segmet Canal, saline 
water table at a depth of 85 cm., forming the lower boundary of horizon III. Sample 
taken on November 27, 1937, from a field in cereal grains. Horizon I, 31 cm. thick; black, 
clayey; columnar macrostructure and cloddy-platy-granular breaking. Horizon II, 35 
cm. thick; black with some white spots; clayey; columnar macrostructure. Horizon III, 
19 cm. thick; black with gray-blue tinges and small white spots; subpolyhedral structure; 
glei-iike. 

Gh-104. French Gharb from Kudiat Sba, south of the Wadi Mda Canal, saline water 
table at a depth of 165 cm. Sample taken on November 26, 1937, from cultivated soil. 
Horizon I, 58 cm. thick; black, clayey; the structure and the breaking like those of Gh- 
107-1 and -II, when slightly dry, with a network of polygonal cracks at the surface. Hori- 
zon II, 64 cm. thick; blackish or black; clayey and columnar. Florizon III, 43 cm., extend- 
ing down to the water table; glei horizon; greenish gray, becoming mottled with gray-white 
on drying; clayey, with polyhedral structure (subpolyhedral when very moist). 

t Gh-121-I. Surface horizon of a profile 5 to 6 m. deep sampled in 1937 at the Bled- 
Marktan, near the Abd-er-Rahman Canal, then under construction; selected because 
this tract had just been drained and was of the darkest shade recorded among the gray 
glei tirs. 

§ For profile description, see table 9. 

The physical and chemical analyses and the properties of the absorbing com- 
plex show that gray and black glei tirs differ only in degree of development. 
The gray tirs, which forms from dess, has a rather uniform profile. Unlike the 
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Ch&micol analysis* of the hydrochloric acid extract of the black glei tirs profile Gh~107\ 


PERCENTAGE COMPOSITION BY WEIGHT OF THE 
2-MM. sample DRIED AT 105°C. 

CATIONS 


I 

(0-31 

cm.) 

II 

(31-66 

cm.) 

IH 
(66-85 
4- cm.) 


I 

(0-31 

cm.) 

II 

(31-66 

cm.) 

III 
(66-85 
+ cm.) 

NaoO 

0.75 

1,05 

0.94 

Total m.e./lOO gm. 

1,308.63 

1,362.70 

1,348.56 

K 2 O 

1.07 

0.87 

0.84 


MgO .'. . 

1.56 

2.00 

2.03 

Percentage of the cations: 




CaO 

8.79 

7.00 

6.18 

Na+ 

1.85 

2.49 

2.26 

MnO 

0.42 

0.29 

0.20 

K+ 

1,74 

1.36 

1.33 

Fe^Oa 

6,70 

6.88 

6.95 

Mg++ 

5.92 

7.29 

7.47 

AI 2 O 3 

10.34 

11.82 

12.13 

,Ca++ 

23.96 

18.32 

16.35 

SOa 

0.18 

0.25 

0.37 

Mn++ 

0.92 

0.61 

0.43 

PoOs 

0.19 

0.19 

0.21 




_____ 

CO 2 

3.60 

3.74 

3.48 

Total monovalent and divalent 

34.39 

30.07 

27.84 

Si02/ 

18.54 

30.83 

29.56 

Pg+++ 

19.23 

18.98 

19.36 

Ti02 

n.d. 

n.d. 

n.d. 

A1+++ 

46.38 

50.95 

52.80 

Insoluble residue 

38.30 

10.60 

25.29 

9.69 

27.38 

8.68 





Loss on ignition 

Total trivalent 

65.61 

69.93 

72.16 






Total 

101.04 

100.53 

99.05 

Ratio monovalent and divalent/ 

0.52 

0.43 

0.38 

Fine fraction 

51.10 

64.39 

63.94 

trivalent 




Sialferic complex, per 
cent of fine fraction.. . , 

70.00 

77.22 

76.40 






* International method. Analysis by Ing. N. Preisig, in the De ’Sigmond Laboratory, now under Dr. Kotzmann’® 


direction, Royal Joszef Institute, Budapest. For Si02/R203 see table 6. 
t For profile description, see table 3. 


TABLE 5 

Chemical analysis* of the hydrochloric acid extract of the gray glei tirs profile Gh~18^ 


PEBCENTAGE COMPOSITION BY ^VEIGHT OF THE 

2-mm. sample dried at 10S®C, 



1 

(0-9 

cm.) 

II 

(9-37 

cm.) 

III 

(37-112 

cm.) 

IV 

(112-152 

cm.) 

NasO 

0.71 

0.57 

0.50 

0.66 

K 2 O 

0.86 

0.84 

0.77 

0.64 

MgO 

1.19 

1.66 

1.11 

1.90 

CaO 

9.77 

9.70 

9.90 

7.37 

MnO 

0.43 

0.18 

0.31 

0.27 

Fe20a 

6.45 

6.39 

6.28 

6.40 

AI 2 O 3 

7.35 

7.02 

7.92 

9.09 

SOa 

0.12 

0.13 

0.10 

0.17 

P 2 O 5 

0.17 

0.18 

0.18 

0,16 

CO 2 

6.27 

5.90 

6.33 

3.76 

SiOs 

15.24 

13.96 

15.08 

17.17 

TiOi 

n.d. 

n.d. 

n.d. 

n.d. 

Insoluble residue. . . 

44.38 

46.60 

44.96 

45.78 

Loss on ignition.... 

8.04 

8.06 

7.22 

7.56 

Total 

100.98 

101.19 

100.66 

100.93 

Fine fraction 

47.58 

45.34 

^ 47.82 

46.66 

Sialferic complex, 
per cent of fine 
fraction. 

I 

61.39 

60.76 

61.60 

71.34 


CATIONS 



I 

(0-9 

cm.) 

II 

(9-37 

cm.) 

III 

(37-112 

cm.) 

IV 

(112-152 

cm.) 

Total m.e./lOO gm. 

1,136.10 

1 , 122.11 

1,150.58 

1,174.19 

Percentage of the cations: 





Na+ 

2.02 

1.63 

1.40 

1.81 

K+ 

1.62 

1.59 

1.42 

1.16 

Mg-+ 

5.22 

7.32 

4.77 

8.05 


30.67 

30.82 

30.69 

22.39 

Mn++ 

1.06 

0.46 

0.77 

0.66 

Total monovalent and 
divalent 

40.59 

1 41.82 

39.05 

34.07 

Fe+++ 

21.42 

21.43 

20.53 

20.47 

A 1 -H-+ 

37.99 

36.75 

40.42 

45.46 

Total trivalent 

59.41 

58.18 

60.95 

65.93 

Ratio monovalent and 





divalent/tri valent 

0.6S 

0.72 

0.64 

1 

0.51 


* I ntcmational method. Analysis by Ing. N. Preisig, For SiG2/R203 see table 6. 

t French Gharb, low basin of the Sebou, northwest of Et-Tleta du Gharb ; water table at a depth of 160 cm. ; sample 
from field in soybeans. Horizon I, 8 to 9 cm. thick; granular structure; medium gray; polygonal network of cracks. 
Horizon II, 26 to 30 cm. thick; medium gray, clayey, with very regular typical macrostructure. Horizon III, 70 to 
80 cm. thick, medium to dark gray, clayey, with less marked columnar structure. Horizon IV, 40 cm. thick; black 
(ancient black tirs horizon), clayey, showing a transitional structure, from cloddy- platy-granular (the breaking type 
of the upper tirs horizons) to polyhedral (typical of the glei). Horizon V, below 150 cm., affected by the water table; 
typical glei, yellowish gray, clayey, polyhedral (imperfect structure when waterlogged). Ground water contains 

I 9.1 XTom 
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black tirs, the gray tirs is not related to the sands. The water table has been 
found at a depth of more than 2 m. in two-thirds of the gray tirs profiles studied, ^ 
and at less than 2 m. in the remainder. 

TABLE 6 


Comparison of certain characteristics of the hydrochloric acid extracts of red sandy soil, black 

and gray glei tirs, and dess 




FINE 

SIAL- 

FERIC 


CATIONIC 

MOLECULAR RATIOS 

SOIL TYPE 

HORIZON 

FRAC- 

TION, 

% OF 
2-MM. 
DRIED 
SAMPLE 

COM- 
PLEX, 
% OF 
FINE 
FRAC- 
TION 

CATIONS, 

M.E. 

PER 100 
CM. 

RATIO, 
MONOVA- 
LENT AND 
DIVALENT/ 
TRIVA- 
LENT 

O 

Q 

cn 

9 

9 

t/5 

6 

9 

d 

1 

o 

< 

Alg-85*, red 
sandy soil of 

Present A horizon 
(0-30 cm.) 

43.20 

20.18 

931.77 

2.70 

1.05 

3.34 

1.53 

0.45 

the downs 

1st fossil B horizon 
(80-110 cm.) 

10.37 

87.08 

300.34 

0.13 

1.10 

2.83 

1.80 

0.64 


2d fossil B horizon 
(280-305 cm.) 

13.23 

73.47 

404.00 

0.36 

0.77 

1.58 

1.48 

0.93 

Gh-107t, black 

I (0-31 cm.) 

51.10 

70.00 

1,308.63 

0.52 

2.15 

3.04 

7.35 

2.41 

glei tirs 

II (31-66 cm.) 

64.39 

77.22 

1,362.70 

0.43 

3.23 

4.41 

11.91 

2.69 


Ill (66-85 -1- cm.) 

63.94 

76.40 

1,348.56 

0.38 

3.03 

! 

4.10 

10.86 

2.73 

Gh-18f, gray 

I (0-9 cm.) 

47.58 

61.39 

1,136.10 

0.62 

2.26 

3.51 

6.28 

1 1.78 

glei tirs 

II (9-37 cm.) 

45.34 

60.76 

1,122.11 

0.72 

2.13 

3.37 

5.81 

1.72 


Ill (37-112 cm.) 

47.82 

61.60 

1,150.58 

0.64 

2.15 

3.22 

6.39 

1.98 


IV (112-152 cm.) 

46.66 

71.34 

1,174,19 

0.51 

2.21 

3.20 

7.12 

2.22 

Gh-87§, recent 

I (0-44 cm.) 

41.50 

42.77 

1,126.50 

1.21 

1.71 

2.85 

4.15 

1.43 

dess 

II (44-117 cm.) 

42.18 

40.02 

1,035.11 

1.33 

1.66 

2.80 

4.04 

1.43 


Ill (117-172-1- cm.) 

40.80 

33.26 

1,020.10 

1.74 

1.44 

2.66 

3.13 

1.17 


* Profile Alg-85 (from the Algerian Sahel, between Guyotville and Staoueli) shows 
three soils one above the other: the present, not yet decalcified; the two fossil soils with 
crusts or hardpans and with B and C but without A horizons. For these special condi- 
tions, this profile was selected in preference to any of the Gharb profiles. 

t See table 3. 

t See table 5. 

§ French Gharb from the left bank of the Sebou, north of Mograne ; natural associations 
of Vitex-agnus-castus (typical on the recent dess) with Tamarix near the flow, and plant- 
ings of Populus ; water table at a depth of 7 m. Florizon I : light to medium gray, tinged with 
yellow; clayey-silty texture; cloddy-platy-granular structure with no columnar cracking 
throughout the profile and no network of fissures at the surface. Horizon II, light gray, 
tinged with yellow; silty-clayey texture and subpolyhedral structure. Horizon III, 
light to medium gray; sandy texture and polyhedral structure. 

From the analyses made thus far, it appears that the amount of humus in 
gray tirs is usually less than that in the black tirs, but, as shown in table 3, the 
characteristics of the organic matter are similar in both these soils. 

As in the black tirs, the carbonates indicate no dominant leaching process. 
The lime in the profile of* the gray tirs, however, is due not only to the upward 



320 


EMILE H, DEL VILLAR 


movement of salts and to the presence of mollusk shells, but also to the parent 
material, which is calcareous. The distribution of carbonates is therefore more 
uniform in the profile of the gray tirs than in the black. 

TABLE 7 


Analysis of absorbing complex and water-soluble bases of the black glei tirs profile Gh~107 




I 

(CaCOs ~ 
8.22%) 

II 

(CaCOs ” 
8.54%) 

nr 

(CaCOs == 
7.91%) 

[ 

Na20. 

0.006 

0.105 

0.107 

Water-soluble bases, % of 2-mm. 1 

KjO 

0.006 

0.003 

0.003 

sample dried at 150°C. 

MgO 

^CaO 

0.022 

0.032 

0.024 


0.673 

0.516 

0.426 




0.78 

14.39 

17.30 

Percentage equivalents of dis- 

K+ 

0.49 

0.29 

0.37 

solved cations 

Mg++ 

4.33 

6.75 

5.88 


Ca+-" 

94.40 

78.57 

76.45 


[Na+ 

1.89 

2.04 

2.09 

Exchangeable cations, rn.e. per ^ 

K- 

0.60 

0.40 

0.41 

100 gm . 

Mg^ 

3.94 

9.30 

6.60 


Ca++ 

44.00 

44.80 

63.20 

H (Sum of absorbed cations) 


, .50.43 

56.54 

72.30 

T (Absorption capacity) 


53.03 

I 59.44 

75.50 

T - S 


2.6 

2.9 

3.2 

V (Degree of saturation) 


95.09 

95.12 

95.76 


fNa+ 

3.57 

3.43 

2.77 


K+ 

1.14 

0.68 

0.54 

Equivalents, as percentages of T ^ 

Mg++ 

7.43 

15.11 

8.74 


Ca++ 

82.96 

75.54 

83.71 


H+ 

4.90 

5.24 

4.24 


Comparative calculations — percentage by weight of the ^-mm. dried sample 


Soluble Na 

0.005 

0.078 

0.079 

Exchangeable Na 

0.044 

0.047 

0.048 

Total Na removed 

0.048 

0.124 

0.127 

NaCl corresponding theoretically to this total .... 

0.123 

0.317 

0.324 

Soluble K 

0.005 

0.003 

0.003 

Exchangeable K ’ 

0.024 ! 

0.016 

0.016 

Total K removed 

0.029 

0.018 

0.019 

KaG corresponding to this total 

0.035 

0.022 

0.023 


Variable amounts of sulfates are found only in the ground waters or in the 
glei or gleidike horizons of the gi’ay tirs. In 78 per cent of the profiles, sulfates 
were found in very small quantities. 

As for the chlorides, the results of the analysis of numerous gray tirs samples 
are as follows: at the surface, 0.03 per cent in 67 per cent of the profiles and 0.03 
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to 0.3 per cent in the other 33 per cent; in the profile as a whole, 0.03 per cen 
in 5.5 per cent, 0.03 to 0.3 per cent in 50 per cent, and more than 0.3 per cen 
in 44.5 per cent. The maximum chloride content of the gray tirs is not so higl 
as that of the black tirs. 

In table 6 are presented data on the various types of tirs. It is clear that a 
the process of development goes from the black tirs to the dess, through the inter 
mediate gray tirs, (see also tables 4 and 5), the following changes take place 

1, loss of the fine fraction and consequent reduction in the amount of colloids 

2, loss in absolute weight of the sialferic complex and a change in the ratio of this 
to the fine fraction; 3, loss of colloidal silica in relation to sesquioxides; 4, loss o: 
alumina in relation to the iron oxide; 5, increase in percentage of bases. Thai 
gray and black tirs are more closely related than are the gray tirs and the desj 
is evidenced by the ratio of the sialferic complex to the fine fraction and by the 
ratio of monovalent plus divalent to trivalent cations (always < 1). Both tin 
varieties are calciferous but with a sialferoid composition, whereas the dess is oi 
basoid composition. 

The pH values of the gray tirs vary from 7.2 to 7.65. They exceed 7.5 in 
only 4.2 per cent of the determinations made, and are less than 7.3 in only 5.3 
per cent of the determinations; in the main they range between 7.3 and 7.5, 

To appreciate the process of glei tirs formation, one must remember that the 
surface of the earth is affected, not only epigenically by climatic factors, but also 
hypogenically by a system of other fundamental factors. This system is of 
plutonic nature. To it may be referred the origin of thermal springs, metallic 
complexes, and volcanic phenomena from the smallest mud volcanoes (Spanish 
salsas), like those of Andalusia®, to the highest conical mountains emitting vast 
lava flows. In many craters, when the eruptive activity ceases, salt lakes are 
formed. In other cases the plutonic activity is reduced to emissions of thermal 
waters or gaseous materials. Still, many of the materials brought in by inactive 
volcanoes and by the little ‘‘salsas^^ are of the same nature as those which appear 
in the salt lakes and are similar to the other products of the saline soil-forming 
process: thermal water, soluble silica, black muds with sulfur bacteria, soluble 
salts, and gypsum. 

The transformation of the red sands and of the alluvial loams into glei tirs 
belongs to the same cycle of phenomena. The low flat plains of the tirs are: 
depression areas similar to the areas of saline patches throughout the world. In 
both cases, the depression is not the cause of the hydro-hypogenic process, but 
the effect. 

The successive stages in the pedogenic process of transformation from the red 
sandy soil to the black glei tirs are well known. The intermediate state is that 
of black clayey, sandy soil (French sables noirs gras). The red sands are a 
complex soil, chiefly epigenic, but often affected by hypogenic influences which: 
contribute to the formation of crusts and glei horizons and which bring in some: 
saline materials. Around the glei tirs depressions, the red sandy soils are for the: 


® See footnote 2. 
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most part decalcified, showing in their upper horizons an AB (or ABC) profile, 
but in many places their present suface corresponds to a fossil horizon and in 
other places to a relatively recent sand accumulation, i.e., a secondary young 
profile. The data in tables 2 and 6 are presented to round out the information 
on these soils. It is not the aim of this paper to give a full description of these 
soils. 

The entire area of red sands around the tirs is besprinkled by patches of black 
sands corresponding to microdepressions. These black sands are in different 
stages of development. In their typical intermediate stage they are clayey fine 
sandy soils, containing, in their virgin state, large amounts of humus. There 
are also hydro-hypogenic formations of glei with hardpan at deeper levels. The 
water table usually is less than 2 m. deep and, at times, is very near or even at 
the surface. The profile is frequently noncalcareous, or sometimes very weakly 
calcareous, at the surface, but distinctly calcareous at the bottom. The car- 
bonate distribution throughout each profile and among the different profiles 
is very irregular. This characteristic and the fact that these spots of intra- 
calcareous black soil appear isolated in the siallitic red sands, show that they are 
not a product of leaching but the result of an upward movement. The soluble 
salts at the surface are of a similar origin. Important, even though small, are 
the quantities of sulfates found in 67 per cent of the profiles, and at the surface 
in 55.5 per cent. The amounts of chlorides are higher: 67 per cent of the profiles 
contain more than 0.03 per cent of NaCl, and some of the horizons contain 0.3 
per cent. The pH values vaiy from 7 to 7.3 in 14 per cent of the horizons studied, 
equal 7.3 in 32 per cent, and vary from 7.3 to 7.7 in 54 per cent. 

The transition from the red sand area to that of the black sands is marked by 
an abrupt drop in topography. Over a distance of 5 to 7 km. one may find all 
the stages of the soil-forming process. 

The process of transformation from the dess to the gray tirs has also been 
ascertained. The dess is, on the average, light yellowish-gray nearly silty clay, 
of rather uniform profile, never columnar, of lesser consistency than the tirs, 
and not so waterlogged during the rainy season. The water table is rather deep, 
about 4 m. in the oldest kno^vn profiles of dess and from 7 to 25 m. in those 
of recent formation. The dess profiles are richer in carbonates than are 
those of the gray tirs. These carbonates are formed from alluvial material, 
and the loss by leaching is more or less compensated by fresh flood deposits. 
The dess profiles are usually low in sulfates, and their chloride content never 
exceeds 0.03 per cent. Their pH values vary from 7.2 to 7.5. 

The so-called ^^old dess,’’ which farmers distinquish from that of recent forma- 
tion, is a stage in the transition from true alluvial soil to the gra^r tirs. All 
the stages can be ascertained by examining the borders of each type and by 
inspecting the numerous mixed profiles in which both of these soils and perhaps 
the black tirs are represented. 

An extensive profile of this kind was studied on a canal cut IJ km. long, east 
of the Madagh bridge on the north side of the highway to Tangier. In this 
exposure could be seen dess, glei tirs, and here and there one or more black 
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horizons at the bottom. These last are buried tirs overlain by the dess of al- 
luvial origin. The upper layers of this dess appear to have been partly and, in 
some instances, completely transformed into gray tirs, whereas the underlying 
black tirs has been changed into glei, its former columnar structure having be- 
come polyhedral. In many exposed cuts the present black glei appears to have 
been pushed upward by the ascending hydrogenic process. In places the glei 
appears in the upper layers of the dess and gray tirs; elsewhere it runs through 
them, sometimes to the very surface, occasionally upsetting the normal profile. 

Whether the black tirs is formed from the red sands, or the gmy tirs is formed 
from the dess, the natural process and the pedogenic product differ only in degree 
of development. This soil process involves: 

1. Increase of the clay fraction and loss of the silt and sand fractions. 

2. A change in chemical composition, as shown by the hydrochloric acid extract data. 

3. An increase in the fine fraction, which appears chiefly when the parent material 
consists of decalcified sands, and therefore, an increase in replaceable cations. 

4. A large increase in colloidal silica, both in absolute amount and in relation to sesqui- 
oxides; and an absolute increase of the respective sesquioxides, chiefly of alumina. 

5. An increase in the absolute amount of Na and K and in the percentage of these ions 
in the total replaceable cations. 

In these soils we have one of the best examples of type, the pedogenesis of 
which is independent of the parent material. 

The color of the two varieties of tirs is the result of the process of their forma- 
tion. The essential feature is that both the black and the gray shades belong 
to the cyanic series (yellowish-greenish-bluish-black), common to soils formed 
under waterlogged conditions. The humus content can be but partly responsible 
for the black and dark shades. Even vath a humus content of only 1 to 3 per 
cent, the black color may be intense, since the clayey texture and the frequent 
presence of Na ions result in a high dispersion of the humus. There is no correla- 
tion, however, between dark color and humus content. To show clearly the role 
of each factor, certain tests were carried out. From the results, presented in table 
8, the following conclusions may be dravm: 

The color is markedly influenced by the degree of moisture. Under natural conditions 
it is also influenced by the intensity and direction of the light. 

On removal of water-soluble substances, the color becomes lighter. This change is due 
to the loss of sodium ions which cause a dispersion of the humus. 

On treatment with HCl, the color, mainly the black, becomes less intense. This is prob- 
ably due to the loss of the sialferic complex with its black iron compounds. 

Efforts to remove the humus result in darkening of the color. The reason is that the 
sodium hydroxide, used for removal of the humus, leaves an excess of sodium ions which 
increase the dispersion of the colored substances. 

Under waterlogged conditions several substances of greenish, bluish (vivianite) , 
and black shades, chiefly iron compounds such as FeO, are formed in the soil. 
It is known that FeO added to Fe 203 yields Fe 304 , which, of course, is black. 
The same effect is to be expected from the colloidal compounds of FeaOs and 
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FeG of the soil.’ Undoubtedly the microbiological reactions also play a role 
in coloring the soil. This may be noted in the low-lying black soils fringing 
salt lakes and in the muds of “salsas,” where sulfur bacteria are encountered. 

Since the glei tirs derived from the red sands are black, and those derived from 
dess are medium to light gray, it is evident that the cause of the dark color hes 
in differences between the tirs varieties. Both soils belong to the same t3?pe 
and are the result of one and the same process. In the pedogenesis of the black 
tirs, however, the weathering process under waterlogged conditions has been 
going on much longer, and therefore the dark color is more intense. Moreover, 
in the black tirs the sodium ion is found more frequently and in larger quantities. 
This adds to the coloring of this ths. As to the sialferic compound, there is no 


TABLE 8 

Results of color tests of the glei tirs 


SAatPLE 

Gh-107-I 
(black tirs, 

SURFACE hori- 
zon) 

Gh-104-I 
(black tirs, 

SURFACE hori- 
zon) 

Gh-104-III (black 
TIRS, glei) 

Gh-121-I (gray 

TIRS, SURFACE 

horizon) 


Natural 





2n situ 

state.... 

Black with 

Black with 

Greenish gray 

Grayish brown 



brown tinge 

brown tinge 

(medium dark) 

(medium dark) 

Filtration residue after sus- i 

%et 

Grayish-green- 

Grayish black 

Dark greenish- 

Dark brownish- 

pension in water for short 


black 


yellowish gray 

greenish gray 

time 

Dry 

Browm to 

Brown to 

Medium greenish- 

Medium brownish 



black 

black 

yellowish gray 

gray 

Sample decarbonated by | 

Wet 

Black with 

Brown to 

Dark yellowish 

Very dark yellow- 

HCl and washed to re- i 


brown tinge 

black 

brown 

ish brown 

move chloride ( 

Dry 

Medium dark 

Medium dark 

Medium greenish- 

Medium brownish 



gray 

gray 

yellowish gray 

gray 

Sample after removal of ( 

Wet 

Brown to black 

Brown to black 

Medium dark yel- 

Dark yellowish 

humus and washing with J 




lowish brown 

brown 

1 per cent NaOH until 1 

1 





filtrate is colorless 

[Dry 

Brown tinged 

Brown tinged 

Medium dark yel- 

Medium dark yel- 



with black 

with black 

lowish brown 

lowish brown 


difference in the quantity of iron in the two varieties of tirs; in the gray tirs, 
however, the proportion of iron to alumina and colloidal silica is greater. 

Because of their undesirable physical condition, the glei tirs are not suitable 
for agricultural purposes. Like all clay soils, they are very difficult to till. 
Being almost completely impervious and poorly drained, these soils are flooded 
during the rainy season. The surface swamping is accentuated by a high water 
table. 

At least in the virgin state, the black tirs contain sufficient organic matter and 
hence nitrogen, for crop production. The supply of lime and iron is usually 
abundant in both the black and the gray tirs. The quantity of potash appears 
to be extraordinarily high in the hydrocUoric acid extract, but nothing is known 

’' In tables 4 and 5 all the iron is expressed in Fe 203 . We have, however, always found 
considerable quantities of FeO in the glei tirs. 
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of its availability. The phosphoric acid supply seems to be insufficient, th 
figures varying between 0.21 and 0.03 per cent. Since the gray tirs has a lowe 
sesquioxides content, the Schneidewind quotient is more favorable in this soi 
than in the black tirs.® 

The chief advantage of the glei tirs for crop production is its high water table 
Under a xerophytic climate, the greatest yields are obtained in the driest years 
On the dess, which lacks such a water supply, the reverse is true. Yields o 
wheat on the black tirs vary from 10 to 25 m. q.^ per hectare, though a recorc 
crop of 32 m.q, has been reported on a farm east of the merdja Zaitrat on a soi 
corresponding to profile Gh-96. On the gray tirs the yields are less variable 
between 18 and 25 m.q. But the “^^good 3^ears” occur onl^" two or three years on 
of every ten. 

The good crop years seemed to have encouraged the French pioneers to develop 
agriculture extensively in a country suitable for cattle and horse breeding. Tc 
this purpose flood control has been instituted, and several drainage canals anc 
many systems of ditches have been and are still being constructed. 

On many tracts, such as those near the low Sebou and between Sidi-Slimar 
and Petitjean, irrigation works have also been installed, even on the black tirs 
where orange and other fruit trees have been planted. The occasional heavj 
rainfall, the impervious condition of the clay soil, and the rising of the ground 
waters in these areas have caused trouble. An increase of rising salts (chiefly 
NaCl) at the rhizosphere has been found to cause serious injury to the trees. 

What has been said about the glei tirs of Morocco can be applied to all similai 
soils, which are mdespread throughout the world, and of which the regur oi 
India is a good example. Their several characteristics, black color, heavy 
texture, and tendency to crack, and the occurrence of salts have been difficult to 
explain. The clue, however, to their features and development is the role ofthe 
hydro-hypogenic activity in the soil-forming process. 

BROKEN-LAND AND DEEP TIRS 

The high and broken land which stretches east of the broad low plains of the 
tirs is cut by large rivers and valleys. In the bottomland, dess and the gray and 
other varieties of tirs may be found. 

On the broken land the soils are, for the most part, dark to very dark in color. 
This region rises from less than 100 m. above sea level at the west to a maximum 
of 683 m. near Moulay-bou-Chta, south of Guergha River. Geologically, the 
region is a heterogeneous mosaic of Eocene, Miocene (Burdigalian molasse, 
Vindobonian clays, marls, and conglomerates) and intra-Cretaceous formations^ 
besprinkled by Jurassic and Triassic outcrops and even by eruptive patches] 
The natural vegetation is represented by forests of the Olea-Lentiscus-Chamaeropi 
association. At present only remnants of these are scattered between the farm- 
steads. 

® For the surface horizons of profiles Gh-107 and Gh-18 (tables 4 and 5) this quotient 
(which is considered as unfavorable from 60 upward) is respectively 89.7 and 81 .2. 

^ Metric quintals, or loo kgm. 
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Notwithstanding the heterogeneous character of the landscape, the profiles of 
most soils have one or more black or dark horizons. It is the calcareous nature 
of the material that is responsible for the accumulation of humus in these soils. 
Besides the dark color, these soils are endowed with a heavy clay texture, with 
frequent columnar structure, and with other concomittant features encountered 
in the black glei tirs. In many developed profiles, dry glei horizons are present, 
some with lime accumulation. It thus seems that, in this country, both the 
epipedic and the hypopedic processes have been acting together, the former 
tending to develop calcareous profiles, and the latter developing glei formations 
at some depth and bringing about a tjqpical tirs upper horizon. Since these 
processes have not been constant with reference to time and place, the resulting 
profiles differ widely. Where the soils are very shallow, resting on the parent 
rock, which outcrops here and there, the black soils formed may be identified 
as rendzina. In other places, instead of the native rock, an unconsolidated mass 
of rounded pebbles occurs. By these, one may trace the ancient coastlines and 
the extent of the sea retreat to the w^est. A great part of the red sandy soil at 
the northern and eastern limits also has been formnd on this coastline material. 
It is within this area that the sandy material, in turn, originated. 

The following profile types of the broken-land tirs have been recorded: 

I: black horizon; II: unconsolidated material 
I; black horizon; IT. brown transition horizon; III: unconsolidated 
I: black horizon; IT. brown transition horizon; III: dried mottled glei; IV: uncon- 
solidated 

I: black horizon; II: yellowdsh and gray glei, rather thick; III: not determined 
I: black horizon; IT thin layers of unconsolidated material; III: w’-hite calcareous 
accumulation layer; IV: C horizon of calcareous native rock (Eocene material in 
the observed profiles, but having the appearance of a consolidated glei, with stony 
consistency) . 

Where erosion has been active in these profiles, various underlying horizons, 
such as the transitional brown horizon, the consolidated glei, the calcareous 
accumulation, or the unconsolidated mass, have become exposed. Because of 
the outcropping of the unconsolidated materials, resulting from erosion caused 
by tillage and pasturing, the soils on the slopes have a stony appearance. 

At many points on the bottoms of the broken land, a double calcareous crust 
has also been found under the black upper horizons of the glei tirs type. The 
upper layer of the crust is thin and very much indurated; the low^er, much thicker 
and fairly soft, is formed only by the surface black clay horizon and has a more 
or less thick soft crust, a tuff-like formation. These are cases of mixed types 
of glei tirs and of crust tirs, which are discussed presently. Such crusts are, 
however, also found under the black mud sands. 

Some profiles of this region are red beloW' the upper black horizons. This 
coloration is due in some cases to the nature of the calcareous parent rock, the 
w^eathering products of wdiich are red (lithochi’omic profiles). In other cases, 
chiefly adjoining the flat tirs, there are red sand proves, of w^hich the surface 
horizons have undergone or are undergoing tirsification. 
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All of these modifications indicate that the hydro-hypogenic process can in- 
fluence the pedogenesis. 

The broken-land tirs are less productive than those of the low plain, but are 
relatively not so poor for a xerophjdiic climate. On the shallow soils the crops 
are usually small, and even fail completely in unfavorable years. But where 
the black upper horizons are fairly thick, the yield of wheat, even under native 
culture, may be as high as 8 to 12, and in exceptional cases 15, m.q. per hectare. 

At the bottoms of valleys and on low slopes in many places in this region, the 
black clay soil-forming process gives depth to the soils. Here the soils are much 
deeper than the black tirs of the low flat plains. Soils of the same type are also 
found in isolated tracts on level or on slightly undulating land, generally in slight 
depressions, as between Meknes and Fes. They are found more extensively on 
the flat plateau of Mershoush, west of Marchand, and on the piedmont plain of 
Kasba Tadla, mainly about Ghorm-el-Alem. These soils, known as ''deep tirs,’^ 
are by no means pocket formations. Their pedogenesis can be explained rather 
by the stability of the ground depressions and by the topsoil tirsifi cation. On 
this soil the previously mentioned savanna of tall (2 to 3 m.) grasses and herbs, 
mainly umbellated and thorny composites, is encountered. 

The black and clayey soil material thus formed may attain a thickness of 
several meters. In profile Mn-12, within the area of broken-land tirs, in the 
valley of the Wadi Rdom, 1 km. south of the Sidi Embarek station, 210 m. above 
sea level, the deep tirs horizons, formed on a substratum of unconsolidated ma- 
terials, attain a thickness of 15 m., according to the owners. One can never be 
sure, however, of a layman’s estimate of such matters. In several cases, for 
example in the deep tirs about Ghorm-el-Alem (profiles Ta-39 and Ta-40), a 
thicloiess of 2 to 3 m. has been ascertained. Below, lies a w^hitish crust about 

I m. thick, and farther dowm, an indurated mottled glei. 

The depth of the water table varies markedly. In profile Mn-11, near Ain- 
Taomar, 25 to 26 km. southeast of Sidi-Sliman, 1 km. east of the road to Meknes 
at 390 m. above sea level, the water table on June 13, 1942, was at a maximum 
of 4.50 m. below’ the surface. The topography of this region is undulating, and 
in the lower levels of the same farm, the w’ater table w’as at a depth of only 1.35 m. 
in June and came to the surface in winter. On the other hand, under profiles 
Mn-12, Ta-39, and Ta-40 no ground water table is knowm. 

The texture of the black horizons of the deep tirs is on the order of that recorded 
for those of the low flat plain. Cracking, in the form of columnar macrostruc- 
ture, appears from the surface downward in many profiles, such as Ta-39 said 
Ta-40, but not in others, as Mn-12, which usually remains fairly moist despite 
the lack of a ImoAvn winter table and the absence of irrigation. In Mn-11, though 
the w^'ater level was not very deep, the columnar structure w^as hardly discernible. ; 

These soils contain more humus than any of the other tirs samples. In Mn-11, 
the humus content of the surface horizon (20 cm. deep) Avas 3.45 per cent, and 
the total organic matter content, 5.52 per cent; corresponding figures for horizon 

II (21-70 cm, deep) were 1.49 and 2.38 per cent, and for horizon III (71— more 
than 1 m. deep) 0.99 and 1.59 per cent. In Mn-12 the humus contents of four 
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horizons to a depth of 2 m. were respectively 1.96, 1.12, 0.96, and 0.78 per cent, 
and the contents of total organic matter, 3.14, 1.78, 1.54, and 1.25. 

Many of these profiles, such as Ta-39 and Ta-40, contain no calcium carbonate. 
When present, it is similar to that in the tirs of the plains. The distribution 
of lime originates mainly from the hydro-hypopedic activity rather than from a 
leaching process. This is true also of soluble salts, which never occur in the upper 
levels in quantities injurious to plants. 

The productiveness of the deep tirs is very high. On the farm from which pro- 
files Ta-39 and Ta-40 were taken, the average wheat yield is 25 m.q. per hectare. 
The 3field was 30 m.q. in 1939 when the profiles were studied, and the minimum 
yields were 6 or 7 m.q. in the most imfavorable years. This farm is not 
irrigated, and no manure is applied to the soil. On profile Mn-12 excellent 
crops of fruit (apricots in 1942) are also obtained under the system of dry farming. 
The rainfall in these two regions is only about 400 to 500 mm. and is very irregu- 
lar, the summers being dry and hot. A moisture supply from below is the only 
possible explanation for the results. 

CRUST TIRS AND MIXED SOILS 

The crust tirs is a very different soil type from the glei tirs. The most typical 
of the crust tirs, designated as black, extend in a long band, parallel to the sea- 
coast and behind the coastal strip of red sandy soils of the downs. Southeast of 
Casablanca tliis band attains a width of about 42.5 km. ; and southeast of Maza- 
gan, 85 km. From Safi southward, to its southern limit near Agadir, the band 
becomes progressively narrower, in places being broken into isolated tracts. 

North of the crust tirs area, and between it and the glei tirs at the north, 
there is more or less broken land consisting of siallitic soils and soils formed from 
ancient rocks as substratum, interrupted by patches of red sandy soils and of 
glei and crust tirs. 

The relatively uniform crust tirs formation is underlain by a nonhomogeneous 
substratum, which geologically is Quaternary or alluvial, partly Pliocene and 
Cretaceous. At its widest extent, in the north, the country is level or undulating, 
with 300 to 400 mm. of rainfall, in the domain of the Olea-Lentiscus-Chamaerops 
association. The southern tracts, forming level or undulating enclaves 'within 
a relatively broken landscape, have a rainfall of only 200 to 300 mm. and are in 
the domain of the Argmiia spinosa association, partly with the cactiform Eu~ 
pliorUa Beaumierana, and in many tracts intermixed vith that of Callitris articu- 
lata. But most of these tirs areas, especially in the northern and widest part, 
were deforested long ago and are now cultivated mostly for cereal grains. Maize 
is also grown under a system of dry farming, and many tracts are in pasture. 

A profile of tjT^ical crust tirs shows the following horizons: 

One or two (rarely more) black or almost black upper horizons, usually tinged with 
chestnut or brown. 

One or more crust horizons to be looked upon as calcareous hardpans. Usually, two 
types of crust are present. The upper crust is thinner and more indurated, of a stony 
consistency, and of a laminated or platy structure. The lower crust horizons, of which 
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there may be one or more, are commonly less indurated, of gritty microstructure, and of so 
great thickness that the pedological profiles, in places, cannot develop properly. 

One or more glei horizons. As a rule, these form the lowest layers of any complete 
profile of crust tirs, since the crusts are but the result of glei formations which have indu- 
rated while the ground water level dropped to greater and greater depths. The glei hori- 
zons have been noted in 70 per cent of the profiles studied. 

Analyses of profiles Cas-7 and Cas-8, tj^picai examples of this crust tirs, are 
presented in tables 9 and 10. The crust and glei formations show that, in the 
pedogenesis of crust tirs, activity of deep-seated origin plays an important role. 
The upper parts of the profile, the black or very dark horizons, are rather epigenic, 
however, and differ strikingly from those of the tirs formations on the low flat 
plains. 

The upper horizons of the crust tirs, unlike those of the glei, are not of a heavy 
clay texture. The structure is not of the columnar type. The humus content 
is always greater then 1 per cent — between 1.26 and 2:05 per cent — and generally 

TABLE 9 

Mechanical composition of the upper horizons of crust tirs* 


atterberg’s practions, percentage op the total 

MECHANICAL FRACTION 



I 

«2/^) 

II 

i2-20}j.) 

III 

(20-200^) 

IV 

(200ju-2 mm.) 

Sandy type: average of three hori- 
zons 

24.20 

21.38 

41.99 

12.43 

Clayey type: average of five hori- 
zons 

43.77 

12.69 

31.69 

11.85 

Average minimum 

22.27 

6.16 

26.74 

1.14 

Average maximum 

54.69 

28.17 

44.27 

24.48 


* Compare with figures in table 2. 


is above the 2 per cent mark, with more than 0.1 per cent nitrogen. The car- 
bonates (CaCOs) vary widely, even in the edaphic (black) horizons: from less 
than 1 to 26.64 per cent; their distribution through each profile being also ir- 
regular. Thus, a leaching process might or might not have been effective, 
according to the predominance of the epigenic or hj^pogenic activity. In most 
cases the edaphic part of the profile is too thin to show the effects of the leaching 
process. In the crust, naturally, the carbonate may increase abruptly to more 
than 40 per cent. Soluble sulfates are generally absent or found in very small 
quantities. In all the black or A horizons analyzed, chlorides have been found, 
generally in quantities of less than 0.02 per cent (as NaCl), except in the surface 
horizon of profile Mog-1, where the chloride content w’-as found to be 0.036 per 
cent. In horizons of lime accumulation, in crusts or glei, the amounts of NaCl 
vary from 0.006 to 0.690 per cent. In 62.5 per cent of the profiles analyzed the 
amounts are greater than 0.03, and in 12.5 per cent, greater than 0.1 per cent. 
The amounts of K2G are relatively high, but those of P2O5 are low'. The pH 
values vary between 7.2 and 7.45. 



330 


EMILE H. DEL VILLAE 


The striking difference, besides that of texture, between the black horizons of 
the crust tirs and those of the glei tirs is to be found in the hydrochloric acid 

TABLE 10 


Analysis of two black crust tirs profiles 
Percentages of the 2-mm. sample dried at 105°C. 


CONSTITUENTS 

I (0-28 cm.) 

A horizon 

cas-7* 

II (29-58 cm.) 
Crust 

III (59-118 -f 
cm.) Crust 

Hygroscopic waterf 

per cent 

4.39 


0.85 


0.85 

pH 


7.3 


7.25 


7.25 

Total organic matter 

per cent 

2.45 



1 



Humus 

per cent 

2.05 






Carbonates as CaCOs 

per ce?it 

1.04 


40.34 


41.88 

Sulfates 

per cent 

0 



0 


0 

Chlorides as NaCl 

per cent 

0.018 


0.068 


0.032 





CAS-St 





I (0-20 cm.) 

II (21-38 cm.) 

III (39-70 

IV below (70 



Ai horizon 

A 2 horizon 

cm.) Crust 

cm.) Crust 

Hygroscopic waterf 

per cent 

5.37 

5.21 

2.99 


2.62 

pH 


7.4 

7.45 

7.3 


7.25 

Total organic matter 

per cent 

2.11 

1.52 




Humus 

per cent 

1.82 

1.26 




Carbonates as CaCOg 

per cent 

10.27 

13.41 

27.81 


25.91 

Sulfates 

per cent 

0 


0 1 

0 


0 

Chlorides as NaCl 

per cent 

0.018 

0.006 

0.006 

0,006 


* Sample taken June 21, 1939, along the road to Marrakech, 34.3 km. from Casablanca 
and 7 km. before Ber-Eeshid; 200 m. above sea level. Undulating plain. Alluvial sub- 
stratum. Rainfall between 300 and 400 mm. In cereal grains with occasional associa- 
tion of Chamaerops humilis. Horizon I: chestnut-black; intermediate texture; subpoly- 
hedral-fine structure (the smallest polyhedral lumps breaking down into dust); with 
abundant small gravel (1 mm.-l cm.) containing calcareous concretions and small shell 
residues. Horizon II, stony crust, laminated in upper part. Horizon III, softer tufa- 
ceous crust. 

t Determined May 17, 1940. 

J Sample taken June 21, 1929, along the road to Mediouna, 16 km. north of Settat, under 
the same geographical conditions as those of Cas-7. In maize (dry farming). I, Ai 
horizon: black tinged with violet-brown, mottled with yellow; intermediate texture; 
distinct platy structure, clods and lumps breaking into variously shaped figures of soft 
consistence; with abundant roseate-white, inconsistent calcareous nodule-shaped con- 
cretions. II, A 2 horizon, with a B-like appearance: medium-brown tinged wfith violet; 
more clayey ; with subpolyhedral structure; calcareous concretions of several sizes, strongly 
consistent; and shell residues. Horizon III, soft crust; whitish, brownish, and roseate 
tinged; containing fine roots. Horizon IV, second soft crust: whitish, ocherous tinged; 
very strongly cemented by calcareous material; with distinct platy structure; and small 
lime-petrified plant residues. 


extract, as may be inferred by comparing the figures of table 11 with those of 
tables 4, 5, and 6. In the typical profile Cas-7, very little, about 23 per cent. 



THE TIES OP MOROCCO 


331 


of the fine fraction remains. In the glei tirs it varies from 45 to 64 per cent. 
As for the A horizons of the crust tirs, the content of the fine fraction approaches 
that of the fossil B and C horizons of the red sandy soils of the downs ri0.4-“13.2 
and 20.2-33.4 per cent, respectively). The total cations, in milliequivalents per 
100 gm., are also significant: almost 600, in comparison "with more than 1100 
in the glei tirs (300-404 for the B, and 431-751 for the C fossil horizons of the 
red sandy soils). The crust tirs appears to be sialferoid, since its sialferic com- 
plex is 75 per cent of the fine fraction. This amount is of the same order as 
those found in the A horizons of the glei tirs and in the B horizons of the red 

TABLE 11 


Chemical analysis* of the hydrochloric acid extract of horizon A of the black crust tirs profile 

Cas-7 


PERCENTAGE COMPOSITION BY WEIGHT OP THE 

2 -mm. sample dried at 105 “C. 

CATIONS 

NaaO 

0.40 

Total m.e./lOO gm. 

584.87 

K 2 O 

0.52 



MgO 

0.66 

Percentage of the cations: 


CaO 

2.91 

Na+ 

2.19 

MnO 

0.76 

K-^ 

1.89 

Fe 203 

3.26 


5.63 

AI 2 O 3 

4.77 

Ca++ 

17.75 

SO 3 

0.11 

Mn++ 

3.65 

P 2 OS 

0.04 



CO 2 

1.20 

Total monovalent and divalent 

31.11 

Si02 

9.22 



TiOa 

n.d. 



Insoluble residue 

70.98 

Fe+++ 

20.49 

Loss on ignition 

6.08 


49.73 

Total 

100.91 

Total trivalent 

70.22 

Fine fraction 

22.94 

Ratio monovalent and divalent/ 

0.44 

Sialferic complex, % of fine 


trivalent 


fraction 

75.37 




* International method. For Si 02 /R 203 see table 14. 


sands. The ratio of monovalent and divalent to trivalent cations, 0.44, resembles 
more closely that of the glei tirs. 

The Si02/R203 ratio of 1.41 in the crust tirs (see table 14), within the sialferic 
complex, distinguishes this tirs from the glei tirs, having a ratio varying from 
2.13 to 3.23. In the Si02/Ai203 ratio, the figure for the crust tirs, 3.28, is of 
the same order as that of the glei tirs, between 3.04 and 4.41. This is true also 
for the Al203/Fe203 ratio, 2,29 for the crust tirs and 1.72 to 2.22 for the gray 
glei tirs. 

Intermediate profiles between those of the black crust and of the glei tirs are 
found in the northeastern part of the crust tirs area at the boundary of, or as an 
enclave within, the great siallitic central region, near Boulhaut. In these soils 
the double crust corresponds to the type of tirs crust. The black unper horizons 
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correspond to the glei tirs type, being very clayey and tending to crack into a 
columnar structure. The glei horizons are found usually at a relatively shallow 
depth. Thus these profiles should be grouped vdth the glei tirs as hydro-hypo- 
genic soils. The characteristics of these tirs seem to bear a certain relation to 
the siliceous condition of the siallitic region and its neighboring areas: their 
black horizons are calcareous, in but few instances, but are more neaxly siallitic, 
with CO 2 in quantities of less than 0.5 per cent, and their pH values seldom fall 
to 7.0. Their glei horizons, so far as is known, are sandy and of bluish tinge or 
mottled. 

With the genuine black crust tirs must be grouped the chestnut tirs. Here 
and there, the two types are intermingled, the chestnut brown being found locally 
within the main area of the black tirs and with no definite boundaries. The 
chestnut tirs form a kind of transitional band lying between the black crust tirs 
and the soils toward the inland, fringing the southern boundary of the siallitic 
Oulmes Plateau, and covering the main stretch of the Tadia piedmont. 

The chestnut crust tirs appear to form under the geographic conditions of a 
flat or undulating topography less than 400 to more than 800 m. above sea level, 
and with a rainfall of less than 200 to more than 400 mm. The substrata are 
partly of Quaternary formations, mostly unconsolidated materials, partly Upper 
Cretaceous or of the so-called ‘'phosphate layers’’ {couches d phosphates, from 
Upper Cretaceous to nummulitic). The natural vegetation domain is that of 
the Olea-Lentiscus-Chamaerops, of Callitris articulata, and of Zizyphus lotus and 
Pislacia atlanUca associations. In many^ tracts these domains have been inter- 
fered with, as may be observed even today in the scanty residues of vegetation 
left by general deforestation and tillage. At present the general landscape 
shows mostly cereal crops and grass and herb associations under sheep pasture. 
Remains of Chamaerops humilis are common in the west, and of Zizyphus lotus, 
in the east; and very rarely an Oleaster, Callitris, or Pislacia atlantica may be 
seen in the deforested area. 

At the surface, the color of the chestnut tirs is always more or less dark, in 
some places as dark as that of the so-called black tirs, but variously tinged with 
black, pure chestnut, red, and brovm. The A 2 horizons are often somewhat 
lighter. The crust horizons show two different types: one, similar to that of 
the black crust tirs; the other, nodular in character, the induration of the cal- 
careous mass not forming simultaneously, but beginning with a formation of 
loose hardened nodules. The level of the ground water varies widely: in profile 
Ta-26 it stood at 7 m. on May 26, 1939, and at 2.50 after the parcel was irrigated; 
whereas under other profiles it lies below the 20 m. mark. 

The texture of the A horizons is similar to that of the black crust tirs. Within 
this general class, the folio wg types have been found in the A horizons analyzed : 
clayey sandy in 12.5 per cent; clayey silty fine sand in 25 per cent; sandy clayey 
in 25 per cent ; fine-sandy clayey in 25 per cent ; and fine-sandy-siity clayey in 12.5 
per cent. Thus the texture is rather sandy in 37.5 per cent of the A horizons, 
and rather clayey in 62.5 per cent. Table 9 shows the mechanical composition 
of the two groups. 
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In the profiles studied, the humus content was 1.20 to 1.81 per cent. The 
organic matter content was therefore greater than 1.50 per cent in all profiles 
and exceeded 2 per cent in most. The percentages of nitrogen shown by the 
analyses varied from 0.079 to 0.147 in the Ai horizons, but exceeded, in 83 per 
cent of the cases, the limit of 0.1 per cent conventionally set as necessary for 
crop production. 


TABLE 12 

Analysis* of the chestnut crust tits profile Ta-28t 
Percentages of the 2-imn. sample dried at 105-C. 



I (0-39 CM.) 
Ai 

II (39-67 

CM.) 

A2(B) 

III (67-94 
CM.) 
CRUST 

IV (94-115 + 
CM.) 

C 

Organic matter (humus-f-^ 

1.46 

1.01 

0.14 

0.23 

Soluble materials 

0.11 

0.07 

0.05 

0.09 

Carbonates as CaCO^ 

32.00 

17.80 

33.60 

23.70 

Meehan in fl.l fraction 

66.43 

81.12 

66.21 

75.98 


fl(<C2u) 

39.19 

39.80 

30.76\ 

20.56/ 

37.17 

Atterberg’s fractions, % of ^ 

the total TneohaT)leal frac- 

llI(2-20/i) 

9.72 

22.83 

28.38 

111(20-200^) 

37.30 

31.25 

56.25 

tion 

nH 

[iV (200^-2 mm.) . . . 

13.79 

7.45 

6.12 

7.5 

11.51 

7.48 

15.37 

7.30 

Sulfates: water extract 

0 

tr? 

tr? 

0 

Chlorides as NaCl 

0.039 

0.009 

0.009 

0.018 

N 

0.079 

0.066 

0.007 

0.011 

(N X 100) /Humus 

5.4 

6.5 

5.0 

4.8 

Available TCoO 

0.069 

0.056 

0.056 

0.042 

Available PsOs 


0.071 

0.040 

0.032 

0.016 


* Results of analyses by the Centre de Recherches Agronomiques, of Rabat. Only the 
humus fraction of the organic matter was determined. 

t Samples taken at Beni- Amir, in the vicinity of the high Oum-er-Rbia, in section VIII 
of irrigation area, 450 m. above sea level. Rainfall less than 300 mm. In maize. Profile 
sampled, May 26, 1939, before installation of irrigation works. Horizon I, dark reddish 
chestnut; sandy-clayey; prismatic-lumpy structure, readily breaking down into gran- 
ules and fine particles. Horizon II, medium reddish brown; intermediate texture, ce- 
mented with lime; cloddy-platy-granular structure; present A 2 horizon, formerly B, 
tending to become a nodular crust. Horizon III, nodular crust in more advanced stage of 
development; medium brownish red; here and there small spots of weathered shells. Hori- 
zon IV, brown-red (typical shade of the ''terra-rossa^O; fine-sandy; polyhedral-cloddy 
structure, breaking down into granules and attaining a sandy loam texture; forming 
variously shaped lime concretions: remains of the red alluvium from which the soil seems 
to have formed. The actual glei lies very much deeper here. 

Nearly all the profiles of this type are strongly calciferous; in 11.1 per cent of 
those examined, however, the CaCOs content was found to be moderate. In 
some, the CaCOa in the profile increases with depth. This, however, is not the 
general rule. As in the black crust tirs, the lime distribution is irregular, varying 
with each profile and among the profiles. 

Analytiical data on profile Ta~28 are given in table 12. 


t 
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Under Mediterranean climatic conditions, the tendency is to form an epigenic 
calcareous profile, that is, one in which lime accumulation increases with depth. 
But in the chestnut tirs, the hydro-hypogenic process counteracts to some degree 
the effects of the epigenic. This fact is strikingly illustrated by the HCl-extract 
analyses of profile Ta-28 (table 13). The CaO content diminishes with depth, 
but the CO 2 varies without relation to the CaO. In comparison with molecular 
ratios, the proportions of CaO to CaCOa found in horizons I and II are higher, 
whereas those of CO 2 to CaCOa in III and IV are higher. The carbonate dis- 

TABLE 13 

Chemical analysis’^ of the hydrochloric acid extract of the chestnut crust tirs profile Ta^M^ 


PERCENTAGE COMPOSITION BY WEIGHT OP THE 
2-SOiI. SAMPLE DRIED AT lOS^C. 



I 

(0-39 

cm.) 

Ai 

11 

(39-fi7 

cm.) 

A>(B) 

III 

(67-^4 

cm.) 

; Crust 

rv 

(94-115 
+ cm.) 
C 


I 

(0-39 

cm.) 

Ai 

II ! 
(39-67 
cm.) 
A2(B) 

III 1 
(67-94 : 
cm.) 
Crust 

rv 

(94-115 

d-cm.) 

C 

NasO 

0.46 

0.15 

0.09 

0.21 

Total m.e.llOO gm. 

1,059.60 

971.25 

637.30 

434.52 

IQO 

1.46 

1.14 

0.82 

0.97 




MgO 

0.08 

0.09 

0.13 

0.09 

Percentage of the cations: 





Cab 

23.34 

10.51 

13.13 

8.42 

Na+ 

1.40 

0,50 1 

0.46 

0.87 

MnO 

0.03 

0.05 

0.03 

0.01 

K+ 

2.925 

2.49 

2.73 

4.74 

FeaOa 

1.75 

3.09 

1.60 

1.23 

Ca+-^ 

0.375 

0.46 

1.01 

1.03 

AI 2 O 3 

1.88 

3.93 

1.38 

1.00 

78.57 

60.63 

73.49 

69.12 


0 

0 

0 

0 

Mn++ 

0.08 

0.15 

0.13 

0.06 



PaOs 

0.11 

O.IS 

0.13 

0.02 

Total monovalent and di- 






valent 

83.35 

64.23 

77.82 

75.82 

CO 2 . 

14.10 

7.80 

14,80 

10.40 


6.21 

11.96 

9.44 

10.64 

SiOa. 

2.77 

1.80 

1.52 

0.92 

AI+++ 

10.44 

23.81 

1 12.74 

13.54 

TiOa...,. 

n.d. 

' n.d. 

n.d. 

n.d. 






Insoluble residue. . . 

47.01 

55.88 

44.68 

74.08 

Total trivalent 

16.65 

35.77 

1 22.18 

24.18 

Loss on ignition .... 

6.97 

9.37 

12.21? 

2. .59 

Ratio monovalent and di- 





Total 

99,96 

99.99 

90.52? 

99.94 

valent/trivalent 

5.01 

1.71 

3.51 

3.14 

Fine fraction 

40.02 

34.75 

43.11 

23.33 

Sialferic complex, 






% of fine fraction . 

14.15 

25.90 

10.74 

13.59 







* International method. For SiOs/RzOs see table 14. Percentages by weight determined by the Centre de Re- 
cherches Agronomiques, of Rabat. The total for horizon III indicates an error in analysis or in transcription. If 
the error is in the insoluble residue, which probably ought to be 54,68 instead of 44.68, the fine fraction becomes 33.11, 
‘and the sialferic complex, 14 per cent of the last amount, 
t For profile description, see table 12. 


tribution, therefore, does not appear to be due to epigenic leaching from the 
surface doviuward. Rather, the CO 2 is brought upward from below in the form 
of bicarbonate, and it is in the upper horizons that it changes to the stable car- 
bonate and later accumulates. The CaO/COa ratio of CaCOs is 1.274 on a 
molecular weight basis, whereas itis 1.655 in horizon I, 2.117 in II, 0.887 in 
III, and 0.810 in IV. The increase of CaO, from I to II, might perhaps be ascribed 
to epipedic ieaching; but in this case, the partial accumulation with increasing 
depth in the upper layers of the profile concerns only the CaO, not the CaCOs 
since CO 2 diminishes. In the black tirs profile Cas-7 (see table 11) an excess of 
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lime in the upper (edaphic) level of the profile (horizon A) is found. There the 
Ca0/C02 ratio is 2.425. Thus, there is no question that in the black and the 
chestnut tirs an epigenic and a hypogenic process are active, the intensity of the 
processes varying with locality and time. 

As in the black tirs, the quantity of sulfate in the chestnut tirs is negligible. 
The chloride content is also of the same order as that in the black tirs. In the 
63 horizons of chestnut crust tirs studied, no traces of chloride were found in 
23.8 per cent, less than 0.03 per cent (measured in NaCl) in 92 per cent, and from 
0.03 to 0.3 per cent in 8 per cent. None of the soils had a chloride content higher 
than 0.3 per cent. In 23 profiles in which the so-called available potash was 
determined by the official laboratories at Rabat and Casablanca, the amounts 
varied from 0.012 to 0.105 per cent, exceeding in 87 per cent of the cases the 
limit of 0.04 per cent conventionally set as necessary for crop production. In six 
determinations, made at Rabat, of available P205in surface horizons, the amounts 
varied from 0.021 to 0.071 per cent, the conventional limit of 0.07 per cent being 
exceeded in only one profile. In 16 A horizons, analyzed at Casablanca by the 
strong acid extraction method, the amounts were from 0.067 to 0.497, the limit 
of 0.25 per cent being exceeded in 55.5 per cent of the profiles. 

The pH values of the upper horizons in these soils are of the same order as those 
in the black crust tirs, varying from 7.2 to 7.65, being equal to or greater than 
7,3 in 92.6 per cent of the cases. 

A comparison of the HCl-extract analyses of the standard black tirs profile 
Cas-7 (table 11) and the chestnut crust tirs profile Ta-28 (table 13) seems to 
show striking differences. In Ta-28-I the fine fraction is much gi’eater than in 
Cas-7-I, the percentage of the sialferic complex (related to the fine fraction) is 
much smaller, the sum of the monovalent and divalent cations is much greater, 
and that of the trivalent much smaller, and the ratio of monovalent and divalent 
to trivalent cations more than 10 times higher. These apparent differences are 
due only to the amount of carbonates, and chiefly of CaO, which as a rule are 
very irregular in these soil t3q)es and therefore have no typological value. When 
this factor is eliminated, the incompatible figures of tables 11 and 13 change to 
those of table 14, becoming of almost the same category or, at least, thoroughly 
compatible within a particular typological unit. The main difference is apparent 
in the amount of mobile Si02, which is rather high in the black crust tirs. This 
characteristic brings the soil nearer to the glei tirs type. The silica-sesquioxide 
ratio is rather low in Ta-28-II, which seems to be a fossil B horizon, that is, one 
of sesquioxide accumulation, formed in a more humid climatic period. In Ta- 
28-1, the figures appear to be nearly the same as in Cas-7-I. 

As has been sho'wn, the upper horizons, black or chestnut, of the crust tirs may 
be more or less influenced by hydro-hypogenic activities, but their soil-forming 
process is mainly epigenic. On the ‘^Hauts Plateaux’’ of North Africa, crusts, 
indurated at a certain depth, often outcrop as a result of erosion. These out- 
croppings are later covered by sands, from which evolve the red soils. It is 
possible that, in the crust tirs areas, the same phenomenon occurs in places, 
chiefly in the eroded tirs area. But these are only relics of erosion in the 
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general landscape. The upper horizons of crust tirs in the black or chestnut 
types originate mainly under forest. Examples attesting to this fact are in- 
numerable from the northeastern extremity, in the Olea-Lentiscus-Chatnaerops 
and Callitris domains, to the outermost southwestern limits of the area, under 
Argania forest. Near the northeastern limit, beginning about 17.1 km. northeast 
of Tadla, the Taquibalt forest still persists. On the plant map of Emberger, it 
falls within the domain of the calUtretum. All through the area, starting at the 
ancient rock plateau 4.7 km. beyond the northeastern limit, the author noted 

TABLE 14 


Comparison of certain ionic relations and molecular ratios of typical black and chestnut 

crust tirs 



cas-7 

Ta-28 

I— A 

I~Ai 

II-A2(B) 

III— Crust 

IV-C 

Percentages of HCl extract , on 

carbonate-free basis 


Fine fraction after removal of car- 






bonates or bicarbonates corre- 






spending to amount of CO 2 

20.211 

12.957 

17.013 


4.174 


Fe203 — 

16.13 

13.50 

18.16 


31.22 

Percentage of foregoing 

AI 2 O 3 . . . . 

23.60 

14.51 

23.16 


23.98 

total 

SiOo 

45.62 

21.37 

10.58 


22.06 


Total 

481.07 

227.07 

382.34 


134.18 

M.e. of cations without ^ 

Fe-^, % 

25.47 

28.96 

60.49 


34.45 

Ca++ 

Al+++,%. 

58.35 

48.72 

34.75 


43.86 

Ratio of monovalent and divalent/ 






trivalent ions after equalization 






of the Ca of Ta-28 and Cas-7 

0.45 

1.35 

0.60 


1.01 


Molecular ratios 


SiOa/RjO, 

1.41 

1.57 

0.52 

1.08 

0.88 

SiOs/AhOs 

3.28 

2.50 

0.78 

1.87 

1.57 

Si02/Fe203 

7.52 

4.21 

1.55 

2.53 

1.99 

Al203/Fe203 

2.29 

1.69 

1.99 

1.35 

1.27 


the association of accompanied by other woody species 

su'Chr as Ceratonia siliqua, Rhamnus oleoides, and Phillyrea angusUfolia. Under 
this cover, now open and degenerated into arbuscular jform, the soil, in general, 
is similar to that of Ta-33, a typical profile, 22 to 23 km. northeast of Tadla, and 
625 to 650 m. above sea level: 

1—30 to 50 cm. thick. Dark brown with a violet tinge; of an intermediate texture; 
crumby to granular structure; abundant plant residues. 

II-— 25 to^aO cm. thick. Indurated, stony crust, mottled chiefly with pink and white, 
showing in the natural position an arrangement of parallel plates. 

Ill Beginning at a maximum depth of 80 cm. and extending downward. Softer crust 
with a tufldike microstructure; irregular consistency. 
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The glei was not found here. The whole profile lacked sulfates and showed 
but very small quantities of chlorides. The pH values of the three horizons 
were 7.55, 7.55, and 7.52. 

This typical profile is definitely of the crust tirs type. Like may other samples, 
it shows that crusts can be formed under forest. It might be added that this 
forest region is spotted throughout by “daias,’’ small depressions (dry at the time 
of the author's visit) of glei-like origin, the surface of which breaks into polygons. 
The h^j'dro-hypopedic process acts here despite the general substratum of 
Upper Cretaceous limestone. 

At the other extremity of the area, between Safi and Agadir, several analogous 
profiles were examined. These had black or dark brown upper horizons, double 
or triple crust and glei formations, under arganietum, Zizyphus lotus, and other 
tree covers. 

The dark color of the crust tirs, black or chestnut, is usually more or less of 
a reddish shade. These soils do not belong to the cyanic series, whereas the 
glei tii'S do. The crust tirs have been affected to some degree also by hydro- 
hypogenic interference. Wherever this activity failed to reach the surface, the 
explanation of the dark color is similar to that given for the upper horizons of 
many pedocals. 

In places, the crust tirs merge, without sharply defined boundaries, into other 
soil types, such as glei tirs or pedocals. An especially good example of such 
mergence is found in the plain at the foot of Tadla, where a soil mosaic is formed 
on the substratum of Quaternary alluvia. This mosaic shows chestnut tirs; 
spots of deep glei tirs; black or very dark crust profiles, the upper horizons of 
which are partly of intermediate texture, partly claye.y, partly merging to selon- 
chak with efflorescenses at the surface ; and finally, red calcareous soils, some with 
crusts and some of the ‘Terra-rossa" type, merging into chestnut tirs. 

Within the great arc formed by the chestnut tirs band, toward the southwest, 
extends a large inland region of soils that are for the most part degraded and 
eroded. In the northeastern part, largely north and east of El Borouj, these 
soils are underlain principally with Upper Cretaceous rocks and phosphate layers; 
in places Quaternary unconsolidated materials may be encountered. The 
topography of the region is rolling, and the height above sea level is from 500 
to 800 m. The annual rainfall varies from less than 300 to more than 400 mm., 
and summers are hot and dry. The original plant cover, now almost extinct, 
consists of Olea-Lentiscus-Chamaerops and Callitris climax in the northern tract 
and of Zizyphus lotus and Pisiacia atlanPca steppe-forest elsewhere. The soils 
are calcareous, mostly shallow, with outcropping crusts, brought about by ero- 
sion, and intermixed with gravel and pebbles. Almost all of the area is devoted 
to cereal grains and to sheep grazing. 

The color of the A horizons is medium to nearly dark brown, and in places is 
tinged with black or red. In general, the color is lighter than that of the tirs 
previously discussed. This is to be expected, since the humus content of these 
soils has been reduced. The texture of this horizon is generally midway between 
light and heavy. The crusts are similar to those found among the younger tirs : 



338 


EMILE H. DEL VILLAR 


a stone-like thin platy crust, overhang a tufaceous and much tliicker crust. 
Giei is always found at the bottom \^dierever the crust formation is deep enough. 
The carbonate content of the A horizon varies; there is virtually no sulfate; the 
chloride content is small, the maximum being 0.02 per cent. All of these char- 
acteristics agree with the essential features of the chestnut crust tirs described. 

Among the profiles studied in this area, OZ-1 is of special interest. It was 
located 1.25 kin. northwest of Oued-Zem, 800 m above sea level, on an area of 

TABLE 15 


Analysis of the degraded crust tirs profile OZ-1 
Percentages of the 2-min. sample (for the A horizons) dried at 105°C. 



A HORIZONS 

CALCAREOUS 

DEPOSIT 

I (0-25 cm.) 

II (25-45 cm.) 

III (45-105 
cm.) 

Hygroscopic water (January 9, 1941) 

1.34 

2.08 

2.79 

pH..,...:. 

7.3 

7.3 


Carbonates as CaCOa 

7.316 

20.723 

58.29 

Soluble sulfates 

0 

0 


Chlorides as NaCl 

0.018 

0.006 



CRUSTS 


IV (1.05-2.05 

V (2.05-2.51 

VI (2.51-3.31 

1 

ra.) 

m.) 

m.) 

Hygroscopic water (January 8, 1941) 

1.70 

1.15 

2.18 

Carbonates as CaCOa 

61.91 

56.39 

32.178 


GLEI 


VII (3.31-3.96 

VIII (3.96-3.98 

IX (3.98-4.28 


in.) 

m.) 

+ m.) 

Hygroscopic water (JanuarvS, 1941) 

1.99 

10.47 

4.17 

Carbonates as CaCOs 

32.416 

18.406 

51.692 


Upper Cretaceous limestone, with 400 mm. of rainfall and a poor vegetation 
cover of herbs. The profile showed the following horizons: 

1—20 to 25 cm. thick, Ai horizon. Medium brown, of an intermediate texture and 
crumb-granular structure. 

11—20 cm. thick, A 2 . Rather dark brown, with prismatic laminar structure. 

III — 60 to 65 cm, thick, calcareous deposit. Tufaceous, with concretional micro - 
structure and laminar cleavage. 

IV— 100 cm. thick indurated crust. Brown, rather sandy, with calcareous cement, 
and laminated or platy structure. 

V— 40 cm. thick, more massive crust. Brown with pink spots, coarse sand with 
calcareous cement, fissured on the exposed surface, tending to prisihatic 
structure. 

VI— 80 cm. thick, crust somewhat similar to horizon V. Roseate, with white hori- 
zontal streaks. 
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VII — 65 cm. thick, glei horizon. Greenish brown, rust-spotted, the exposed surface 
exfoliating in scale-like fashion. 

VIII-~2 cm. thick. Two streaks, whitish above and dark below, separating the two 
glei horizons, 

IX — 30 cm. thick, young glei. Moist, rusty, with gritty microstructure. 

Analyses supplementing the description of this profile are given in table 15. 

This profile shows clearly the last phases of the hydro-hypogenic process, 
becoming regressive. The ground water level has fallen, leaving behind glei 
formations, which subsequently have indurated successively in the form of crusts. 
The carbonate contents of the three upper horizons might be considered as the 
result of an epigenic process of leaching and accumulation. From horizon IV 
do vm ward, a different picture is presented. The increase from III to IV is 
insignificant compared to that between I and III. From horizons IV to VIII 
the amount decreases from 61.9 to 18.4 per cent; at horizon IX the percentage 
again increases abruptly to 51.7. Each glei horizon, and therefore each crust, 
appear thus to be independent of the others. The composition of each one 
depends on the nature and force of the hypogenic process at the time of each 
formation. 

As to the fertilit}^ characteristics of the normal crust tirs,the improved physical 
condition, in comparison with that of the glei tirs, has been pointed out. The 
nitrogen content is usually higher than 0.1 per cent wherever the surface horizons 
have not been disturbed. The potash content is generally above the require- 
ment conventionally set as the limit for crop production. The P2O5 content, 
however, is generally below the limit, except where phosphate layers occur. The 
soil productiveness is also influenced by other conditions. The total thickness 
of the black or chestnut horizons varies from a few centimeters to more than 
1 m., and in places where the crust outcrops, these horizons are lacking completely. 
The depth of the ground water varies mdely, being generally deep, with inter- 
position of thick crusts. The climatic characteristics, such as the rainfall, also 
show variations. Perhaps more than anything else, the degree and the nature 
of the erosion complicate the picture. The cropping characteristics, therefore, 
differ strikingly throughout the whole extent of the crust tirs. In all tracts of 
the black tirs area in the northwest and in several isolated deep and moist patches 
in the plains at the foot of Tadla and Beni-Mellal, European farming flourishes. 
Irrigation has been successfully practiced in both the European and the native 
farm areas. On the other hand, in many inland tracts on the same plain at the 
foot of Tadla, wheat 5delds average 7 to 9 m. q. for European farming and 5 to 
6 for native cultivation. The large differences depend mainly on the rainfall. 
In most areas of the eroded tirs, the natives receive poor returns for wheat, and 
good ones for barley. 
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The fact is well established that numerous agents influence the activities of soil 
microorganisms engaged in the decomposition processes. Less well under- 
stood, however, is the variability of the influence of these agents when any one is 
altered. The varied nature of these influences has been the subject of numerous 
reports, the majority of which have dealt with the chemical aspects of decom- 
position, Of those concerned with the microorganisms engaged in decomposi- 
tion, only a few have given detailed information. Early investigations dealt 
with the influence of soil amendments on microbial activity but failed to note 
microbial changes during the early stages of decomposition. More recent 
reports, however, have jdelded information concerning these earlier stages. 
Smith and Humfeld (8,9) noted that during the decomposition of green manures, 
the numbers of bacteria followed carbon dioxide production, which rose rapidly 
during the first 4 days then declined sharply to a fairl}^ constant level. Vande- 
caveye and co-workers (12, 13, 14, 15), who used mature plant material as a 
source of organic matter, failed to note this correlation but observed that the 
maximum number of microorganisms occurred several days after carbon dioxide 
production had declined. The explanation for such differences may lie in the 
fact that wide differences existed in the soils involved, in the tj^pe and physical 
conditions of the plant materials used, and even in the methods employed. It 
is of interest to note, however, that Allen et al. (1), working under conditions 
varying greatly from those of the aforementioned investigators, found a positive 
correlation between numbers of bacteria, losses in organic matter, and carbon 
dioxide production. Furthermore, Smith and Brown (7) and Corbet (2) re- 
ported that carbon dioxide evolution from a soil resembled the type of carbon 
dioxide curve observed in pure cultures of bacteria. It would seem, therefore, 
that increased carbon dioxide production would be paralleled by an increase in 
numbers of microorganisms. 

^ Scientific Paper No. A47, Contribution No. 1874, of the Maryland Agricultural Ex- 
periment Station (department of bacteriology). 

The author is now associate bacteriologist for the U. S. Public Health Service and is 
assigned to the Division of Laboratories, California State Department of Public Health, 
Berkeley, California, 

2 The writer wishes to acknowledge the suggestions and assistance of L. H. James, of 
the department of bacteriology, and R. P. Thomas and W, B. Kemp, of the agronomy de- 
partment, University of Maryland, and of N. R. Smith, of the Bureau of Plant Industry, 
U, S. Department of Agriculture, in planning the experiments and in preparing the manu- 
script. 
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The experiments reported herein show that if dry, finely ground plant material 
is added to a relatively small volume of soil in the laboratory, the results are com- 
parable to those from experiments wherein green, succulent material is added to 
soil in greenhouse benches (8). 

PLAN OF EXPERIMENT 

One-thousand-gram samples of screened and thoroughly mixed Leonardtown 
silt loam from the University farm, were placed in 5-pound glass chemical bottles 
and treated with plant materials and inorganic fertilizers. The bottles were 
divided into two series, one receiving ground corn stover and the other ground 
mature red clover, each being applied at the rate of 1 per cent by weight. Plant 
materials were ground in a Wiley mill to pass through a 10-mesh screen. The 
following treatments were made in duplicate : 

1. Control — no treatment. 

2. Corn stover. 

3. Corn stover + ammonium nitrate. 

4. Corn stover -h ammonium nitrate -1- lime. 

5. Corn stover + ammonium nitrate + lime -f monocalcium phosphate. 

The same treatments were repeated with red clover in place of corn stover. 
Ammonium nitrate was applied to supply nitrogen at the rate of 3 per cent by 
weight of the plant materials added, or 0.87 gm. per kilogram of soil. Lime in 
the form of calcium oxide was added at the rate of 2 gm. per kilogram, and mono- 
calcium phosphate was added at the rate of 1.8 gm. per kilogram of soil. Enough 
water was added to bring the moisture content of the soil up to two thirds of the 
water-holding capacity and maintained at that moisture content by periodical 
additions of water. 

Samples for microbiological studies and moisture determinations were taken 
at the beginning and after 3, 6, 12, 24, 64, 84, and 144 days of incubation. Dur- 
ing sampling the soils were removed from the jars, thoroughly mixed, sampled, 
and replaced. Duplicate plate counts were made for total number of bacteria, 
actinomyces, and fungi using soil extract agar, sodium asparaginate glycerol 
agar, and potato dextrose agar, respectively. Soil extract agar and sodium as- 
paraginate glycerol agar were adjusted to pH 7.2-7.4. Potato dextrose agar 
was acidified to pH 4.3-*4.5 by the addition of sterile lactic acid just before the 
plates were poured. All plates were incubated at 30®C. The numbers of bac- 
terial colonies were counted after an incubation period of 7 days, fungi after 3 
days, and actinomyces after 9 to 10 days. Counts on the actinomyces were 
made by the aid of a low-power microscope. Moisture determinations were 
made on the soils at the time of plating, and the numbers of microorganisms were 
calculated in terms of oven-dry soil. 

By means of a modification of Heck^s (7) method, carbon dioxide determina- 
tions were made on the soil during the first 17 days. Air drawn through the 
bottles was not previously purified, but controls were run and the necessary cor- 
rections made for atmospheric carbon dioxide. Titrations were made daily for 
the first 9 days, after which they were made at 48-hour intervals. 
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From time to time, determinations of the pH of the soil were made with a Beck- 
man pH meter and glass electrode, a soil: water ratio of 3:2 being used. All 
studies were carried on simultaneously for 17 days, after which carbon dioxide 
determinations w^ere discontinued. 


RESULTS 

Influence of various soil treatments on bacterial activity 

Quantitative determinations of the bacterial content of soils under various 
treatments are shown in figure 1. Numbers of bacteria in these soils rose rapidly 
during the first 3 days of the experiment. Thereafter, the numbers dropped 
rapidly to the sixth day and declined gradually during the remainder of the 




Fig. 1. Numbers op Bacteria in Leonardtown Silt Loam Treated with Corn Stover 
OR Red Clover and Various Mineral Fertilizers 

experiment. This rise and fall occurred regardless of the type of treatment, 
although the extent of the rise varied greatl3^ 

The addition of plant materials to the soil produced a rapid increase in bac- 
terial numbers, the greatest increase being produced by red clover. Numerous 
early reports have indicated that mature leguminous plants stimulate activity 
to a greater extent than mature nonlegumes (5). The increased stimulation by 
legumes appears to be due to differences in chemical composition of the two mate- 
rials rather than to differences in nitrogen content (4). The fact that added 
nitrogen in the form of ammonium nitrate failed further to stimulate bacterial 
activity lends support to this view. 

When lime was added to the soil containing decomposable material, bacterial 
activity was greatly stimulated. Red clover plus lime produced the greatest 
stimulation, maintaining about the same relationship with corn stover plus 
lime as existed between the two materials without lime. Lime alone caused 
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some increase in numbers of bacteria. This observation was made by early soil 
microbiologists, who attributed it to changes in soil reaction which favored bac- 
terial development. Humfeld and Smith (3) and Thom and Smith (10), how- 
ever, have found that the soil reaction has only a slight influence on microor- 
ganisms active during the early stages of the decomposition of plant materials. 
They observed that only those microorganisms on or in the immediate vicinity 
of the plant substance were stimulated. Only when the plant materials are 
thoroughly and intimately incorporated with the soil will the soil reaction have 
a more pronounced effect. As indicated in figure 1, the addition of ground 
mature red clover to the soil caused a much greater increase in bacterial num- 
bers than did ground corn stover. The addition of lime caused a great increase 
in numbers of bacteria, regardless of the type of plant material present. How- 
ever, there were roughly twice as many bacteria in the soil containing red clover 
as in the soil containing corn stover, either in the presence or in the absence of 




Fig. 2. Numbees op Fungi in Leonardtown Silt Loam Treated with Corn Stover or 
Red Clover and Various Mineral Fertilizers 

lime. The addition of monocalcium phosphate caused a slight increase in the 
total numbers of bacteria, the greatest occurring in the presence of red clover. 
It appears, from these results, that the type of plant material as well as the addi- 
tion of lime plays an important role in influencing the numbers of bacteria in this 
soil. 

Influence of the various treatments on numbers of fungi 

The results in figure 2 show that the numbers of fungi did not increase appre- 
ciably during the early stages of decomposition. The rise was gradual to 54 
days, after which the increase was more rapid until a maximum was reached in 
84 days. Inorganic fertilizers appeared to have a greater influence on the fungi 
than did the type of plant material. There appeared only slight differences 
between the two series, but the addition of ammonium nitrate had a mai’ked 
stimulatory effect on the numbers of fungi. This stimulation was expected for 
two reasons: first, fungi require more nitrogen than do bacteria, since the former 
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produce more cellular material; and second, the addition of ammonium nitrate 
would increase soil acidity and, therefore, be less favorable to bacterial develop- 
ment. The addition of lime, however, complete^ nullified the beneficial in- 

TABLE 1 

Numbers of aciinomyces in soils treated with various plant and inorganic materials 
Counts, on duplicate bottles, in millions per gram of oven-dry soil 


TREATMENT 

0 

days 

3 days 

6 days 

12 

days 

24 

days 

54 

days 

84 days 

144 days 

No treatment 

.64 

1.057 

1.540 

3.21 

1.32 

1.87 

4.69 

1.27 


.64 

2.370 

1.280 

2.72 

2.85 

0.94 

2.82 

1.80 

Red clover 

.64 

0.270 

0.380 

1.81 

2.40 

2.19 

5.00 

1.41 


.64 



1.67 

4.17 

2.09 

6.50 

2.15 

Corn stover 

.64 



0.64 

1.47 

3.41 

1.35 

2.38 


.64 

0.810 

0.96 

0.91 

1.66 

1.14 

3.87 

1.07 

Ammonium nitrate 

.64 

2.140 

1.03 

4.32 

2.15 

1.58 

3.37 

0.47 


.64 

0.948 

j 0.51 

2.02 

1.95 

1.24 

3.62 

1.31 

Red clover + ammonium nitrate 

.64 

0.135 

0.64 

1.95 

2.72 

1.16 

2.06 

0.81 


.64 


0.57 

1.19 

2.22 



0.27 

Corn stover + ammonium nitrate 

.64 

0.545 

0.51 

1.74 

3.54 

0.77 

3.00 

1 0.67 


.64 

0.272 

1.48 

1.95 

1.39 

1.21 

2.56 

0.40 

Ammonium nitrate + lime 

.64 

0.945 

0.77 

1.88 

1.81 

0.92 

2.56 

2.27 


.64 

1.080 

1.67 

2.02 

2.64 

1.66 

3.62 

1.61 

Red clover + ammonium nitrate 

.64 

0.270 

3.28 

3.41 

2.75 

3.69 

25.25 

13.06 

+ lime 

,64 

0.540 

0.57 

2.31 

1.86 

3.11 

28.69 

6.72 

Corn stover + ammonium nitrate 

.64 

0.472 

0.75 

2.37 

4.03 

4.81 

19.62 

13.13 

+ lime 

.64 

0.135 

0.64 

4.81 

2.85 

3.68 

24,56 

10.72 

Ammonium nitrate + lime 4* 

.64 

0.475 

1.60 

2.30 

2.50 

1.03 

3.12 

2.35 

phosphate 

.64 

0.675 

1.22 

2.37 

2.43 

1.75 

4.06 

0.97 

Red clover 4* ammonium nitrate 

.64 


1.86 

2.65 

3.89 

4.94 

36.78 

19.29 

4- lime 4- phosphate 

,64 

0.270 

0.71 

3.14 

1.75 

6.37 

33.38 

18.70 

Corn stover 4- ammonium nitrate 

.64 


0.64 

3.00 

3.75 

5.63 

32.51 

18.16 

+ lime 4- phosphate 

.64 

0.880 

0.64 

8.02 

4.55 

7.44 

34.25 

9.78 


fluence of ammonium nitrate. Apparently this reaction was not due directly to 
the difference in pH, because at 54 days the pH of the limed soil was about the 
same as that of the unlimed soil. The initial shift in pH, however, may have 
enabled bacteria to use most of the available food material. The addition of 
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monocalcium phosphate produced a slight, though probably insignificant in- 
crease in numbers of fungi. Smith and Humfeld (9) found little change in num- 
bers of fungi. Vandecaveye and. Villanueva (12) reported a maximum number 
of fungi in field soils 60 to 70 days after manure was applied. Later, in labora- 
tory experiments Vandecaveye and Allen (13) and Vandecaveye and Katznelson 
(15) found the maximum numbers of fungi to occur in 20 to 40 days. 

Influence of the various treatments on numbers of actinomyces 

The results of plate counts of actinomyces (table 1) indicated only a slight 
stimulation, especially in the early stages of decomposition. In the limed soils, 
the numbers of actinomyces showed a definite increase after 54 days, reaching a 
maximum in 84 days. There was little difference between the two plant mate- 



Fig. 3. Milligrams of Carbon as Carbon Dioxide Evolved from Leonardtown Silt 
Loam Treated with Corn Stover or Red Clover and Ammonium Nitrate 

rials, although the numbers in the clover series were slightly higher than those in 
the corn stover series. The results indicate that of the inorganic materials 
added, lime exerted the greatest influence. 

Influence of the various treatments on carbon dioxide 'production and on pH 

The results of carbon dioxide measurements are shown in figures 3 and 4. 
The rapid rise in carbon dioxide production and the almost equally rapid fall 
during the first few days of decomposition have been noted by Smith and Hum- 
feld (9), Vandecaveye and co-workers (12, 13, 14, 15), and many others. This 
tA’^pe of curve is indicative of the “explosive’^ nature of decomposition processes 
during the early stages when the more soluble materials are present. A com- 
parison of figure 1 with figures 3 and 4 shows that the production of carbon diox- 
ide was closely paralleled by numbers of bacteria. It is of interest to note that 
after the fourth day carbon dioxide evolution was greatest in the corn stover 
series. The numbers of bacteria during the corresponding period were about the 
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same in both series. Similar results on carbon dioxide production have been 
noted by Turk and Millar (11) and Millar, Smith, and Brown (6). These 
investigators attributed the reduced carbon dioxide evolution in legume decom- 
position to a greater fixation of carbon in the soils. 



Fig. 4. Milligrams of Carbon as Carbon Dioxide Evolved from Leonardtown Silt 
Loam Treated with Corn Stover or Red Clover, Lime, Ammonium Nitrate, 
and Monocalcium Phosphate 


TABLE 2 

pH values of soils treated with variou plant and fertilizers materials 
Average of duplicate samples 


TREATMENT 

pH 


0 days 

3 days 

54 days 

144 days 

Na treatment 

5.2 

5.16 

4,91 

4.84 

Red clover 

5.2 

5.58 

5.32 

4.94 

Corn Rtover 

5.2 

5.32 

5.40 

5.12 

ArnmnnLim nitrate 

5.0 

4.93 

4.35 

4.45 

Red clover -b ^^mmeniiim nitrate i 

5.0 

5.33 

1 4.40 

4.46 

Corn stover -b ammonium nitrate 

5.0 

4.90 

4.50 

4.45 

Lime + ammonium nitrate 

7.25 

7.35 

5.10 

4.92 

Red clover + ammonium nitrate lime 

7,25 

7.16 

5.42 

5.25 

Corn stover -b ammonium nitrate + lime 

7.25 

7.12 

5.60 

5.40 

Ammonium nitrate -b lime + phosphate 

7.10 

7.30 

5.00 

4.85 

Red clover + ammonium nitrate + lime -b phos- 
phate 

7.10 

6.91 

5.25 

5.19 

Corn stover -b ammonium nitrate + lime + phos- 
phate. . . 

7.10 

6.75 

5.44 

5.33 



The pH values of the variously treated soils at 0, 3, 54, and 144 dajs are shown 
in table 2. These results indicated that liming raised the pH only temporarily. 
Smith and Humfeld (9), however, noted little or no change in pH in the soil they 
used. This difference may be explained by the fact that they used Leonardtown 
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clay loam, which has a greater inorganic colloid content than the Leonardtown 
silt loam used in the experiments reported herein. Furthermore, ammonium 
nitrate was added to the limed soils, which when completely converted to the 
nitrate form would have a tendency to make the soil acid. 

The effect of lime on fungi and actinomyces apparentl^^ can not be attributed 
directly to differences in pH of the soil. The effect may be explained, however, 
by the fact that the addition of lime increased the activit}^ of bacteria, which 
utilized the food needed for the growth of fungi. In the competition for food 
between groups of microorganisms a change in fertilizer and liming practices 
may favor one group or the other. Such practices will undoubtedly play an 
important role in the conservation of soil organic matter. 

SUMMARY 

Small amounts of soil treated with various inorganic fertilizers and with dry, 
finely ground plant materials were subjected to a microbiological study in an 
attempt to determine the type of microflora active at various stages of decom- 
position, and to determine the effect of two plant materials of widely differing 
chemical composition with and without various fertilizers on the soil microflora. 

The results showed that the numbers of bacteria rose to a maximum by the 
end of 3 days. Thereafter, the numbers dropped rapidly to the sixth day and 
declined gradually during the remainder of the experiment. After 54 days the 
numbers of fungi and actinomj^ces began to increase and reached a maximum at 
the 84th day. 

The numbers of bacteria were affected most by the nature of the plant material 
and by the application of lime. The addition of lime produced slightly greater 
increases in the red clover series than in the corn stover series. The type of plant 
material, however, had little influence on the numbers of fungi and actinomyces. 
Ammonium nitrate produced the most favorable influence on fungi, but its in- 
fluence was completely offset by the addition of lime. Lime, however, produced 
an increase in the numbers of actinomyces. 

Studies showed that the evolution of carbon dioxide was closely correlated 
with fluctuations in numbers of bacteria. 

The lime produced only a temporary change in pH values of the soil. The 
addition of lime appears to have had a retarding influence on fungal development, 
as a result of increased bacterial activity rather than of differences in the pH 
level of the soil. 

REFERENCES 

(1) Allen, 0. N., Abel, F. A. E., and Magistad, 0. C. 1934 Lecomposition. of pine- 

apple trash by bacteria and fungi. Trop. Agr. [Trinidad] 11 : 285-292. 

(2) Corbet, A. S. 1934 Studies on tropical soil microbiology: 1. The evolution of car- 

bon dioxide from soil and the bacterial growth curve. Soil Sci. 37: 109-115. 

(3) Humpeld, H,, AND Smith, N. R, 1932 The decomposition of vetch green manure in 

relation to the surrounding soil. Jour. Agr. Res. 4A:: 11Z~-120. 

(4) Lockett, J. L. 1938 Nitrogen and phosphorus changes in the decomposition of rye 

and clover at different stages of growth. Soil Sci. AB: U-24:. 

(5) LdHNiSj P. 1926 Nitrogen availability of green manures. Soil Sci. 22: 2BZ~~290. 



ACTIVITY OF MICROORGANISMS IN SOIL 


349 


(6) Millar, H. C., Smith, F. B., and Brown, P. E. 1936 The rate of decomposition of 

various plant materials in soils. Jour. Amer. Soc. Agron. 28: 914-923. 

(7) Smith, F. B., and Brown, P. E. 1932 Methods for determining carbon dioxide 

production in soils. Iowa Agr. Exp. Sta. Bes. Bui. 147. 

(8) Smith, N. R., and Humfeld, H. 1930 Effect of rye and vetch green manures on 

the microfiora, nitrates, and hydrogen-ion concentration of two acid and neu- 
tralized soils. Jour. Agr. Res. 41: 97-123. 

(9) Smith, N. R., and Humfeld, H. 1931 The decomposition of green manures grown on 

a soil and turned under compared to the decomposition of green manures added 
to a fallow soil. Jour. Agr. Res. 43: 715-731. 

(10) Thom, C., and Smith, N. R. 1933 The relation of soil acidity to the decomposition 

of organic residues. Jour. Amer, Soc. Agron. 25: 392-396. 

(11) Turk, L. M., and Millar, C. E. 1936 Effect of different plant materials, lime and 

fertilizer on the accumulation of soil organic matter. Jour. Amer. Soc. Agron. 
28; 310-324. 

(12) Vandecaveye, S. C., and Villanueva, B. R. 1934 Microbial activities in soil: I. 

Nitrogen fixation by Azotobacter and activity of various groups of microbes in 
Palouse silt loam. Soil Sci. 38; 191-205. 

(13) Vandecaveye, S. C., and Allen, M. C. 1934 Microbial activities in soil: II. Ac- 

tivity of specific groups of microbes in relation to organic matter transformation 
in Palouse silt loam. Soil Sci. 40: 331-343. 

(14) Vandecaveye, S. C., and Baker, G. O. 1938 Microbial activities in soil: III. Ac- 

tivity of specific groups of microbes in different soils. Soil Sci. 45: 315-333. 

(15) Vandecaveye, S. C., and Katznelson, H. 1938 Microbial activities in soil: V. 

Microbial activity and organic matter transformation in Palouse and Helmar 
soils. Soil Sci. 46: 139-167. 




MICROBIAL ACTIVITY AND AGGREGATION OF MIXTURES OF 
BENTONITE AND SAND^ 

J. R. McHENRY and M. B. RUSSELL^ 

Iowa Agricultural Experiment Station 
Received for publication February 4, 1944 

The number of water-stable aggregates in soils has been found by various 
workers (3, 4, 5, 7) to be closely associated with microbial activity. The meta- 
bolic products of the organisms are believed to be responsible for the increased 
aggregation. The influence of the activity and the general types of organisms 
has not been determined quantitatively under controlled conditions. It is the 
purpose of tliis paper to report the relationships of the aggregation of sand, clay, 
and organic matter mixtures to microbial activity as determined under controlled 
laboratory experimentation. 

EXPERIMENTAL METHODS 

The basic mixture used in these experiments consisted of dune sand (15 gm.) 
and bentonite clay (5 gm.). The sand was screened to pass a sieve of 0.25-mm. 
mesh but retained bj^ one of 0.15 mm. To this mixture 1.5 gm. of organic matter, 
corresponding to a rate of 8 tons per acre inch, was added. Organic matter 
increments consisted of finely ground alfalfa and corn stover, both untreated and 
hot-water-extracted. The water-extracted sample added was equivalent in 
weight to the untreated sample. After thorough mixing, the sample was 
moistened with 10 ml. of (NH 4 ) 2 HP 04 solution (0.071 gm.) and 10 ml. of a 1 to 
10 dilution of a suspension of 50 gm. of Grundy silt loam to 580 ml. of water. 
Samples were incubated in a nearly saturated atmosphere at a temperature of 
28°C. for 3,000 hours. 

At intervals during the incubation, triplicate samples were removed and 
dried above a hot plate. The samples were passed through a 4-mm. sieve, 
duplicate 10-gm. samples were weighed out, and aggregate analysis was deter- 
mined by wet sieving using a 0.25-mm. sieve (2). After 20 minutes of oscilla- 
tion at the rate of thirty-eight l|-inch strokes per minute, the material remaining 
on the screens was dried and weighed. Eeplicates varied from 0 to 17 per cent 
of the mean value, with an average value of 2.5 per cent. The weight of aggre- 
gates remaining on the screens was corrected for the amount of material found on 
the screen if no incubation occurred, i.e., the initial sample was subjected to 
identical aggregate analysis. The average of the corrected weights is reported 
as the percentage of water-stable aggregates greater than 0.25 mm. attributable 
to biological action. 

^ Contribution of the Iowa Agricultural Experiment Station, Ames, Iowa; Journal paper 
No. J-1178, Project 739; and the Office of Research, Soil Conservation Service, U. S. De- 
partment of Agriculture. 

2 Research associate and research associate professor of soils, respectively, of the Iowa 
Experiment Station, and cooperative agents, U. S. Department of Agriculture. 
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Carbon dioxide was determined during the period of incubation by collection 
and subsequent aeration of prepared triplicate samples in stoppered bottles (6). 
Standard NaOH was used as the CO 2 absorbent and was titrated with standard 
HCl, phenolphthalein being used as the indicator. 

EXPERIMENTAL RESULTS AND DISCUSSION 

The rate of carbon dioxide evolution and the percentage of aggregates greater 
than 0.25 mm. at the various intervals for the samples containing alfalfa and 
corn stover are shown in figures 1 and 2. 



HOUBS OP XirCOB4TIOH (LOO SCALE) 

Fig. 1. Rate of Caebon Dioxide Evolution and Percentage op Aggregates Greater 
THAN 0.25 MM. FOR PuDDLBD MIXTURES OP BeNTONITE ClAY AND 
Sand with Alfalfa 


The curves for CO 2 evolution are considered typical of the material used (6). 
The difference in readily available material, as reflected by microbial activity, 
between the two types of organic matter is apparent as well as the changes due 
to the hot water treatment. The untreated samples provide more readily avail- 
able food, causing the microorganisms to multiply rapidly and become active in a 
comparatively short time. In the w^ater-extracted samples the increase of mi- 
crobial activity, as measured by CO 2 evolution, is delayed, as less readily avail- 
able food is present. As decomposition proceeds, however, additional material 


becomes available for bacterial use, and the microbial activity increases. 
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This study was chiefly concerned with the changes of aggregation during or- 
ganic matter decomposition. Aggregate stability was found , to increase with 
incubation time, to reach one or more maximums, and then to decrease. The 
water-extracted samples exhibit one prominent maximum at 816 hours; the 
untreated corn stover sample exhibits maximums at 144 and 816 hours, and the 
untreated sample of alfalfa, a maximum at 144 hours and a plateau in the 816- 
hour zone. The position of these maximum aggregation percentages follows the 
peaks of CO 2 evolution in all cases by a definite time interval. 
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HOURS OP IHCUBATIOK (LOO SCALE) 

Fig. 2. Rate of Carbon Dioxide Evolution and Percentage of Aggregates Greater 
THAN 0.25 MM. for PuDDLED MIXTURES OF BeNTONITE ClAY 
AND Sand with Corn Stover 

The first peak of aggregation, shown only by the untreated samples, is due to 
the decomposition of the readily available plant materials. A huge bacterial 
population arises during this initial decomposition process. As the supply of 
readily available food is quickly used up, microbial activity drops. A consider- 
able quantity of microbial wastes has accumulated, however, and this is now 
augmented by the multitudes of dead microbial tissues due to lack of sufficient 
energy materials to continue life. These materials, colloidal in nature, now 
permeate the soil mixture and impart a relatively stable aggregation for a time. 
This initial maximum of water-stability was found to occur in 6 days. 

The increased aggregation attributed to the wastes resulting from decompo- 
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sition of the most readily available plant foods is of short duration. By 20 
days the degree of water stability had greatly lessened. Myers and McCalla 
(5) report a maximum aggregation at 8 days for soils treated mth peptone and/ or 
sucrose. Martin and Waksman (4) report that in most of their experiments 
maximum aggregation occurred after 10 to 25 days’ incubation. Browmng and 
Milan (1) found maximum aggregation to develop wdthin 20 days under the con- 
ditions studied. Peele and Beale (8) report increased aggregation of Cecil 
sandy loam during the entire growing season with the addition of sucrose. The 
last experiment, being conducted on a field scale, did not allow for strict control 
of conditions affecting microbial activity. Under field conditions so many 
variables are encountered that it is difficult to isolate the effects of the factors 
involved. It is difficult, therefore, to compare the results with those obtained 
in the various controlled laboratory experiments. 

During the period of decline in the stability of the soil aggregates formed by 
the initial decomposition processes, microbial activity continues. Organic 
matter decomposition proceeds less spectacularly than during the initial period. 
One microbial population follows another as the composition of the organic 
material present is altered. Their numbers decrease, as does the activity ex- 
pressed by CO 2 evolution. While the initial water-stability lessens, the decom- 
position of the less readily available fractions of the organic materials, as w^ell as 
the decomposition products and microbial wastes and bodies from the more 
readily available portions, proceeds. Decomposition products and microbial 
metabolic wastes gradually accumulate and give rise to a slowly increasing aggre- 
gation, as shown by the increasing stability of aggregates in the 'water-treated 
samples. After 20 days, the increasing aggregation due to the decomposition 
of the less readily available organic matter fractions exceeds the diminisliing 
aggregation due to the initial decomposition of the most readily available mate- 
rials. The increase in aggregation of the water-extracted samples is gradual 
and does not have the initial stability showm by the untreated samples. The 
second maximum stability occurs after 34 days. In the case of the untreated 
alfalfa sample, no definite maximum occurs, but a plateau does appear just prior 
to this sampling date, and the stability of the samples decreases subsequently 
as with all the treated samples. As the aggregation of the water-extracted al- 
falfa sample shows a marked maximum at this point, it is thought that the pla- 
teau signifies an increased stability of the aggregates due to the accumulation of 
metabolic products and decomposition of the less readily available material. 
A previously conducted experiment with corn stover gave the same general 
results, two maximums of aggregate stability mth the untreated samples and 
only the second one with the water-extracted samples. 

Observations during the course of the experiment showed that after some 300 
hours’ incubation the growth of fungi was very marked. This growth is reflected 
in the CO 2 evolution curves, which show a leveling in the vicinity of 300 to 400 
hours’ incubation. One material, the untreated alfalfa sample, does not show 
this change in the CO 2 production curve. Since this same sample fails to show a 
definite second maximum of aggregate stability, it is thought that the decom- 
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position of the fungal bodies and their wastes may play an important role in 
causing the second aggregation maximum. 

After reaching the peak at 816 hours the precentage of water-stable aggregates 
decreases steadily for the remainder of the incubation period. The soil popula- 
tion is still changing and is active, as shown by the continued CO 2 evolution. 
Although the rate of CO 2 evolution is low, it should be remembered that the 
time intervals have greatly increased and therefore the total CO 2 evolved is still 
a sizeable quantity. The decrease in aggregation after 34 days is less rapid than 
after the 6-day peak. As the activity of the microbial population declines, less 
rapid disintegration is to be expected. Furthermore, the types of material in- 
volved in this decomposition would be assumed to be less easily decomposed. 
It is believed that this decrease in water-stable aggregates is due, as in the case 
of the decrease of the initial peak aggregation ivith the untreated samples, to the 
gradual microbial decomposition of the various materials forming the cementing 
agents. As the populations change, each successive one tends to work on the 
wastes created by the previous one as well as on the portions undecomposed by 
the -preceding populations. Hence destruction of the cementing agent in the 
soil aggregate causes a decrease in the water-stability of the aggregate. 

Previous work (5) had indicated that aggregation was associated 'with bacteria 
only insofar as these organisms are responsible for the accumulation of certain 
metabolic products that function as cementing materials. Peele (7) showed 
that mucus produced by bacteria could be utilized as a binding agent ivith soil 
or quartz sand to provide water-stable aggregates. Also the data presented in 
this paper indicate that it is the decomposition of the bacterial tissues and wastes, 
superimposed on that of the organic matter, which produces maximum aggre- 
gation. 

Soil aggregation, due to the organic matter decomposition by microorganisms, 
is always changing. New organic matter additions provide energy for new 
populations, which give rise to decomposition products and wastes, which are, 
in turn, a source of energy for another microbial population. Accumulations 
of these decomposition products, microbial wastes, and dead microbial tissues 
provide a colloidal cementing agent. Water-stable aggregates are developed as 
these materials are formed. The stability of these aggregates decreases as these 
materials are further decomposed. 

The aggregation produced by the two types of organic matter decomposition 
processes described is not additive. Each cycle of decomposition gives rise to a 
maximum water-stability of its own, regardless of other processes. This is well 
illustrated by the data. The aggregation curves for the hot-water-extracted 
materials increase regularly to their peak, with no indication of any prior peak. 
On the other hand, the curves for the untreated samples show the initial peak, 
then decline despite the fact that it can be assumed the aggregation due to 
decomposition of the less readily available materials is increasing at the same 
time. Only when the two curves cross is it apparent in the untreated samples 
that aggregation has been increasing because of the decomposition of the less 
readily available fractions. Martin and Waksman (4) report that aggregation 
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produced by composted manure was greatest after 150 to 210 daj^’s incubation, 
and that up to 150 days, added peat had no effect. Such slowly decomposed 
organic materials produce aggregation slowly, if at all. Browning and Milam (1) 
show that peat and other such less readily decomposed materials produce no 
appreciable increase in aggregate stability in a year’s time. 

GENERAL DISCUSSION 

The results reported are those for ideal conditions for microbial activity. The 
organic matter was finely ground, the temperature was high and constant, and 
moisture was near optimum. Under these conditions the rate of decomposition 
would be expected to be most rapid. It may be expected, therefore, that in the 
field the time required for the various peaks of microbial activity and water- 
stability of the aggregates to occur will be longer and the peaks more irregular in 
sequence. Furthermore, because of these irregularities, the various highs may be 
difficult to distinguish. Under normal conditions, however, it would be expected 
that after an organic increment to the soil a rapid increase in aggregation would 
occur, particularly if the amount of easily available energy material for bacterial use 
was high and if conditions for microbial activity were favorable. This aggrega- 
tion would be brief and would be followed by a decline and then a second increase 
in the percentage of water-stable aggregates. The second period of increased 
stability of the aggregates would be more lasting. After this a gradual de- 
crease would result. These periods of maximum aggregation will not occur, 
it is assumed, at regular intervals, but will occur as conditions permit. Type 
and fineness of organic matter, temperature, and humidity are probably the 
limiting conditions. Materials high in nitrogenous tissues would be assumed 
to decompose more quickly than carbonaceous materials, with the result that 
the initial peak of water-stability would occur sooner and the magnitude would 
be greater. 

SUMMARY AND CONCLUSIONS 

The relationship between water-stable aggregation and microbial activity as 
measured by CO 2 evolution was studied for mixtures of bentonite clay, sand, and 
finely ground alfalfa and corn stover, untreated and hot-water-extracted. 

It was found that during 3,000 hours of incubation two peaks of water-stabil- 
ity of aggregates occurred, both as a result of an accumulation of decomposition 
products and metabolic wastes due to microbial action. 

In the presence of much readily decomposable organic material an initial peak 
of aggregation occurs under laboratory conditions in the space of 6 days. This 
^^SS^^g^tion is attributed to the decomposition products and microbial wastes 
from the rapid decomposition of the easily decomposed plant tissues. The ag- 
gregation disintegrates in a short time and is superseded by a second rise in aggre- 
gation, This peak of aggregation, the only one shown by the samples containing 
little of the easily decomposable material, occurs after 34 days. This maximum 
is attributed to the accumulation of decomposition products and microbial 
wastes from the slower decomposition of the less readily decomposed organic 
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materials. These aggregates disintegrate, in turn, although more slowly than 
with the first maximum. 

The two maximums of aggregation are not additive. The factors producing 
the one apparently do not influence the other, nor are they influenced by the 
factors producing the other. 
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That calcium cyanide has not been used extensively as a soil disinfectant is 
evinced by the limited number of reports on the subject in the literature. Al- 
though the toxic effect of the cyanide upon insects and microorganisms is well 
recognized (14), we are not aware of any study of the availability of the nitrogen 
in the cyanide when it is added to the soil or of the influence of this disinfectant 
upon nitrification in soil. These two points received attention in the experiment 
reported in tliis paper, folloving field tests (4) which showed better growth of 
pineapple plants in plots treated with Cyanogas^ than in control plots. The 
availability of the nitrogen of thiocjmnates in soil and their effect on nitrifica- 
tion have been elucidated by Sandhoff and Skinner (13). 

Perotti (11) in 1920 made the observation that KCN in concentrations of 
about 0.05 per cent serves as a nitrogen nutriment for some types of micro- 
organisms. Burnet (2) later differentiated bacteria into two distinct groups by 
their reaction to cyanide in solid media under aerobic conditions: (a) those 
relatively sensitive to inhibition by cyanide and (6) those insensitive to cyanide. 
Respiration studies in recent years (3) consider the cyanides to be inhibitory for 
those organisms containing cytochrome. The specific action of cyanide is the 
inactivation of indophenol oxidase (cytochrome oxidase), thus effectively in- 
hibiting respiration through cytochrome. 

Rao and Rao (12) furnished evidence that the introduction of cyanides into 
soil may affect the process of biological nitrification of ammonium nitrogen. It 
was shown that concentrations as low as 0.000025M cyanide inhibit the growth 
and respiration of nitrite-forming bacteria in flasks. The reduction in loss of 
nitrogen from 30.4 to 13.3 per cent in manure heaps with 0.5 per cent cyanide, 
as reported by Kudzin (9), may indicate a similar function of cyanide. 

Cyanides in soil treatments have decreased populations of the root-knot 
nematode, Heterodera marioni (Cornu) Goodey (10), the sugarbeet nematode, 
Heterodera schachtii Schmidt (5, 17), and wirevrorms (8). In limited experi- 
ments with the pineapple plant (4) definite superiority of plant growth and fruit 
yields in soil treated with calcium cyanide over untreated plants was observed. 

METHODS 

Preparation and treatment of soil 

A lateritic soil of pH 4.4 from an upland pineapple-producing area was passed 
through a J-inch mesh screen, and 35 pounds of the soil (moisture 19.72 per cent) 

^ Published with the approval of the acting director as Technical Paper No. 152 of the 
Pineapple Research Institute, University of Hawaii. 

2 A product of the American Cyanamid Company containing not less than 40 per cent 
and not more than 50 per cent of calcium cyanide, Ca (ON) 2 . 
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was placed in each of 45 enamel pots. To 15 pots ammonium sulfate was added 
at the rate of 156 p.p.m. nitrogen on the dry soil basis. To another group of 15 
pots Cyanogas was added at the rate of 80 p.p.m. nitrogen.^ This included 72 
p.p.m. nitrogen in the form of cyanide and 8 p.p.m. in the form of ammonium, 
since analyses indicated that the Cyanogas contained 6.33 per cent nitrogen as 
cyanide and 0.67 per cent nitrogen as ammonium. A third group of 15 pots re- 
mained as untreated, unfertilized checks. 

Following addition of the ammonium sulfate and Cyanogas, all pots were 
thoroughly wetted with 2| liters of tap water. The pots were then covered with 
mulch paper of the asphalt-impregnated type commonly used in pineapple cul- 
ture. The covers were removed 7 days after treatment was started. The pots 
were then watered weekly to their maximum water-holding capacity. Soil 
samples were taken at intervals for determination of pH, amounts of ammonium 
and nitrate, and microorganic populations. 

Analytical methods 

Soil ammonium nitrogen Avas determined by displacement with a 10 per cent 
solution of KCl and distillation after addition of MgO (7). Nitrate was extracted 
with distilled water and determined by the phenol-disulfonic acid method (6). 
Soil pH was determined vdth the glass electrode using a soil- water ratio of 1:1. 
All soil analyses were made on triplicate samples, each sample being composited 
from five individual pots. 

Cyanide was determined b}^ titration with AgNOs (1). Ammonium nitrogen 
in Cyanogas was determined by aeration at room temperature after the solution 
was made alkaline mth an excess of MgO. Pure samples of NaCN run con- 
currently indicated no conversion of cyanide to ammonium nitrogen under the 
conditions of the analysis. 

Numbers of bacteria, fungi, and actinom 3 ^cetes were estimated by the agar 
plate method. Bacteria and actinomycetes were grown on a soil extract medium, 
and fungi were grown on an acid agar medium with dextrose and peptone as 
sources of nutrients. Recommendations for the use of sufficient replicates, range 
of dilutions, incubation periods, and limits of number's per plate were observed 
in making the counts (18). 

EESULTS 

Nitrification of added ammonium sulfate 

Table 1 shows that the check pots without added fertilizer remained continu- 
ously low in both soil ammonium and nitrate. In contrast, the pots that re- 
ceived ammonium sulfate showed large amounts of ammonium initially and these 
gradually decreased toward the end of the experiment. Concomitant with 
reductions in ammonium, increasing amounts of soil nitrate were detected in this 

® It had beea iatended to apply equivalent amounts of nitrogen as ammonium sulfate and 
as cyanide. Subsequent analysis of this particular lot of Cyanogas showed that about 
half of its nitrogen had been lost, presumably as a result of storage for a long time under 
prevailing warm, moist conditions. 
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treatment. Ammonium decreased from an initial value of 129 p.p.m. to 4 p.p.m., 
while nitrate increased from 30 p.p.m. to 102 p.p.m. at 26 weeks. Apparently, 
active nitrification and nearly complete disappearance of the ammonium took 
place in the 26-week period. This is fairly rapid in view of the low pH of 4.4, 
which is close to the minimum of pH 3.7 to 4.0, below which nitrification does 
not proceed (18). 

Full recovery of the nitrogen added as ammonium sulfate was not obtained at 
any time. The highest recovery was at the 16-week sampling period when 88 
per cent of the calculated amount of nitrogen added was recovered. A small 
part of the unrecovered nitrogen in the earlier samplings may have been tem- 

TABLE 1 


Available nitrogen {nitrate and ammonium) in soil after addition of nitrogen as ammonium 

sulfate and Cyanogas 


WEEKS AETEE TREATMENT 

4 

s 

12 

16 

20 

26 

Analysis 

Treatment* 

Nitrogen in soil, p.p.m. 

Nitrate 

(NH4)2S04 

30 

42 

72 

117 

103 

102 


Ca(CN )2 

11 

9 

10 

23 

15 

21 


Check 

21 

20 

24 

31 

28 

31 

Ammonium 

(NH4)jS04 

129 

121 

83 

67 

33 

4 


Ca(CN )2 

80 

92 

! 90 

94 

101 

77 


Check 

13 

10 

12 

16 

12 

2 

Total available nitro- 

(NH4)2S04 

159 

163 

155 

184 

136 

106 

gen (NO 3 + NH 4 ) 

Ca(CN )2 

91 

101 

100 

117 

116 

98 


Check 

34 

30 

36 

47 

40 

33 

Recovery of available N from (NH 4 ) 2 S 04 







relative to amt. of N addedf-. - per cent 

80 

85 

76 

88 

62 

47 

Recovery of available N from Ca(CN )2 rel- 







ative to amt. of N addedf .per cent 

71 

89 

80 

88 

95 

81 


* (NH 4 ) 2 S 04 , 156 p.p.m. N added; Ca(CN) 2 , 80 p.p.m. N added; check, no nitrogen added, 
t Recovery in each case calculated on basis of nitrogen found above that in check. 


porarily in the form of nitrite, for which no analysis was made. The Ioav re- 
covery of total available nitrogen during the 20 - and 26-week samplings was 
probably the result of slow but continued transfer of nitrate nitrogen from the 
top layers of soil to the bottoms of the containers by the weekly applications 
of water. 

Recovery of nitrogen from cyanide 

Between 71 per cent (at 4 weeks) and 95 per cent (at 20 weeks) of the nitrogen 
added to the soil in the form of Cyanogas (6.33 per cent N as CN~ and 0.67 
per cent as NH 4 +) was recovered in the form of soil ammonium nitrogen. It is 
possible that some of the nitrogen recovered in this treatment may have come 
from the inactivation and subsequent decomposition of soil organisms that were 
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cyanide-sensitive. A concurrent experiment using the same soil, mth chloro- 
picrin as the disinfectant, indicated that the maximum amount of nitrogen from 
this source did not exceed 12 p.p.m. On this basis, the maximum amount of 
nitrogen recovered from cyanide would not be more than 80 per cent. 

The experience of Sandhoff and Skinner (13) indicated that the recovery of 
nitrogen from sodium thiocyanate depended partly on the concentration used. 
Little of the theoretical thiocyanate nitrogen could be recovered as ammonia or 
nitrate when 1 per cent sodium thiocyanate was added to unlimed garden soil, 
but when only 0.075 per cent was added to limed soil, an average of 37,1 per cent 
of the theoretical thiocyanate radical was recovered as ammonium or nitrate. 

The nitrogen in the Cyanogas treatment remained as ammonium, since the 
values for nitrate throughout the 26-week period did not exceed those for the 
check treatment. Cyanide apparently acted as a powerful inhibitor of the 
process of nitrification in this soil under the conditions prevailing. Whether the 



Fig. 1. Numbers op Bacteria in Untreated Soil and in Soil Treated with Calcium 
Cyanide and with Ammonium Sulfate 

action was primarily on the nitrite-forming bacteria, as was shown by Rao and 
Rao (12) under artificial conditions, or whether it affected the nitrate-forming 
bacteria was not determined, since no analyses were made for nitrite in this 
experiment. 

Effect of cyanide on numbers of soil microorganisms 

The numbers of bacteria, fungi, and actinomycetes determined by the agar 
plate method over the 26-week period are presented in figures 1 to 3. Judging 
from the increase in numbers of bacteria following treatment, it appears that this 
was the group of microorganisms chiefly affected by cyanide treatment of the 
soil. Past experience with other disinfectants sho'wed that stimulation usually 
followed an initial drastic reduction in numbers of microorganisms. Although a 
^h^to ^’eduction is indicated at the 8-week sampling, it appears that the cyanide 
treatment was not primarily responsible for this action, since the count in the 
check treatment was also low. Although cyanide may not be so powerful a soil 
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disinfectant as, for example, steam and cMoropicrin, it is selective in nature, as 
shown by the inhibition of the bacteria involved in the oxidation of soil ammonium 
nitrogen. This is not surprising, since only those organisms presumably de- 
pending chiefly on cytochrome oxidase for their energy would be affected by 
cyanide. 

Cyanide as employed in the present experiment appeared to be nontoxic to 
soil fungi, on the basis of the total numbers represented in figure 2. Examination 
of the agar plates, however, indicated that some species were suppressed and that, 
as a result, the remaining unaffected species were favored. Although the over-all 
quantity was not altered, the number of representative genera was reduced. 

There seemed to be a slight stimulation in the numbers of actinomycetes in the 
cyanide-treated soil (fig. 3). The increase in numbers between the 8- and 20- 
week sampling periods, however, was not large. 
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Fig. 2 Fig. 3 

Fig. 2. Numbebs of Fungi in Unteeated Soil and in Soil Tkeated with Calcium 
Cyanide and with Ammonium Sulfate 

Fig. 3. Numbers of Actinomycetes in Untreated Soil and in Soil Treated witii 
Calcium Cyanide and with Ammonium Sulfate 


DISCUSSION 

The conversion of a large part of the cyanide nitrogen of Cyanogas into am- 
monium nitrogen and the continued inhibition of nitrification for at least 26 weeks 
are of importance aside from any effect of the disinfectant on soil pathogens. 
The results suggest that if the pineapple, which absorbs and assimilates nitrogen 
more rapidly in the form of ammonium than of nitrate (15), had been grown in 
soil treated with cyanide, a more rapid and darker green growth would have 
resulted than if grown in nondisinfected soil. Such a response has been shown 
(16) with other soil disinfectants which inhibited nitrification. It is possible, 
also, that the greater growth and yield of pineapples previously observed (4) 
in the field after treatment with Cyanogas was in part related to the availability 
of some of the nitrogen from the cyanide. 

Although the Cyanogas inhibited nitrification for a period, a similar effect was 
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noted (16) after disinfection with chloropicrin, steam, and formaldehyde as 
well as certain other compounds.^ Cyanogas differed from all of these in that it 
contributed a considerable amount of nitrogen to the soil 

The growth of any plant in soil treated with the cyanide will undoubtedly be 
influenced by a number of factors, such as (a) the effect of the disinfectant upon 
any soil pathogens which might restrict the growth of the plant, (6) the response 
of the plant to ammonium as contrasted with nitrate nutrition, (c) the relation- 
ship of pH of the culture medium to ammonification and nitrification, and (d) 
the recovery of nitrogen from cyanide under conditions prevailing in the field. 

SUMMARY 

Calcium cyanide in the form of the commercial product, Cyanogas, was applied 
to a Hawaiian lateritic soil of pH 4.4 at the rate of 80 p.p.m. of nitrogen. Under 
the conditions of the experiment, with abundant moisture and a mulch-paper 
cover, 81 per cent of the nitrogen in the Cyanogas^was recovered as ammonium 
in the soil 26 weeks after its application. 

Complete elimination of the nitrifying organisms in the soil was indicated by 
failure to detect appreciable nitrate formation for 26 weeks after Cyanogas treat- 
ment, in contrast with nearly complete nitrification of added ammonium sulfate 
in nondisinfected soil. 

The cyanide had relatively little effect on populations of fungi and actino- 
mycetes. Only bacteria showed a limited increase in numbers after treatment 
with Cyanogas. 
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Various types of apparatus and reagents designed to meet the demand for a 
simple, rapid, and reasonably accurate method of measuring soil pH in the 
field are on the market. Among them, the Hellige and Truog soil reaction sets 
deserve special mention. Since these sets are offered for commercial purposes, 
the nature and composition of their reagents have not been made known. 

During the summer of 1940, the senior author examined the soils of the ex- 
perimehtal fields of the National Tea Experimental Station at Meitan. A test 
made by the Truog method showed that the plots in which tea seedlings grew 
poorly had pH values above 8.5, whereas those in wMch the tea seedlings grew 
vigorously had pH values below 6.5. These results confirmed the reports from 
tea soil experts that high acidity is one of the determining factors in the growth 
of the tea plant. A plan was then made to test in detail the soils of the entire 
experimental station, involving about one hundred acres of hilly land. 

With a view to preparing a mixed indicator similar to the Truog reagent, so 
that tests of soils could be carried out on a large scale in a simple way, the 
present investigation was undertaken. 

PREPARATION AND USE OF THE LIQUID INDICATOR 

Trials of a number of indicators showed three, bromcresol green, bromcresol 
purple, and cresol red, to be satisfactory. One-tenth gram of each of these was 
ground together in an agate mortar with 5.9 cc. of 0.1 V NaOH and a few cubic 
centimeters of distilled water and the mixture diluted to 400 cc. Buffered 
solutions of pH 4.0, 4.4, 4.8, 5.2, 5.6, 6.0, 6.4, 6.8, 7.2, 7.6, 8.0, 8.4, 8.8, and 9.2 
were prepared as prescribed by Clark and Lubs. When five drops of the indica- 
tor solution was added to 5 cc. of each of the buffered solutions in Pyrex test 
tubes, a series of colored standards varying from orange-brown to greenish yellow, 
green, greenish blue, and bluish violet were obtained. The variations in color 
were quite distinct from pH 4.0 to 8.0 but less vivid from pH 8.0 to 9.2. 

Soil samples, the pH values of which had been determined by the electrometric 
method,^ were used to test the reliability of the indicator. To 0.9 gm. of soil 
and 0.3 gm. of pure neutral powdered barium sulfate in Pyrex test tubes, 5 drops 
of indicator and 5 cc. of distilled water were added. The mixture was well 
shaken and left to stand overnight. Next morning the clear colored solutions 
Avere compared with the standards. The results are shown in table 1. 

It will be observed that with the exception of soils 1376, 1377, and 1368, the 
results of the two methods agreed very closely. About 60 soil samples^from the 

1 Kindly supplied by Y. Hseung, of the National Geological Survey of China. 

2 Collected by S.M. Chen. 
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tea plantations throughout Mdtan were tested by means of this method. The 
pH values were found to lie between 4.0 and 6.0. These results correspond to the 
degree of acidity of ordinary tea soils recorded by other workers.® 

TABLE 1 


Comparison of pH values of soils as determined by the electrometric and mixed indicator 

methods 





pH VALUES 



DEPTH OF 



SOIL NUMBER 

KIND OF SOIL 

SAMPLE 

Electrometric 

method 

New mixed in- 
dicator method 

1331 

Alkali soil 

cm. 

0-10 

9.34 

9.2 

1333 

Alkali soil 

30-40 

9.33 

9.2 

2220 

Light chestnut earth 

0-35 

8.40 

8.6 

2227 

Dark chestnut earth 

0-5 

7.53 

7.8 

2228 

Dark chestnut earth 

5-36 

7.97 

8.0 

1670 

Wet soils 

34-61 

7.09 

7.0 

1671 

Wet soils 

61-76 

7.07 

6.9 

2291 

Yellow earth 

32-51 

7.12 

7.2 

2290 

Yellow earth 

0-32 

6.85 

6.8 

1376 

Podzolized brown earth 

0-15 

4.58 

6.0 

1377 

Podzolized brown earth 

15-40 

4.86 

5.6 

1368 

Podzolized brown earth 

19-100 

5.00 

6.1 


TABLE 2 


Comparison of pH values of soils as determined by the electrometric^ Truog, and powdery 

indicator methods 


SOIL NUMBER 

pH VALUES 

Electrometric method 

Truog method 

Powdery indicator method 

1331 

9.34 

8.4 

8.8 

1332 

9.45 

8.4 

9.2 

1333 

9.33 

8.4 

9.2 

2220 

8.40 

8.3 

8.2 

2227 

7.53 

8.2 

7.5 

2228 

7.97 

8.3 

8.2 

1670 

7.09 

7.5 

7.1 

1671 

7.07 

7.3 

6.8 

2290 

6.85 

8.0 

7.0 

2291 

7.12 

8.3 

7.2 

2292 

6.80 

8.2 

7.4 

2293 

6.62 

8.1 ^ 

7.2 

1368 

5.00 

5.0 

5.3 

1376 

4.58 

5.5 

4.8 

1377 

4.86 

4.6 

4.6 


PKEPARATION AND USE OF THE POWDEBY INDICATOR 

The foregoing method, though simple arid accurate, is not suitable for field 
work. An endeavor ivas made, therefore, to effect further improvement. It 

3 Details of this investigation are to be published elsewhere. 
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was found that when a concentrated solution of the ne^v indicator w-as mixed with 
pure neutral barium sulfate, adjusted to pH 6.8, evaporated to dryness on the 
steam bath, and ground to pass a 100-mesh sieve, a bluish green powder was 
obtained. When this powder Avas dusted on a drop of buffered solution of a cer- 
tain pH value on a wliite porcelain plate, the characteristic color was produced. 
When it was dusted on moist soil surfaces, however, the color developed did not 
last long enough. In order to fix the indicator on the barium sulfate, a dilute 
collodion solution w^as added to the mixture, w^hich was then dried and regroimd. 
The powdery mixture was then ready for use. 

The procedure adopted was as follows: About 0.5 gm. of soil was placed in a 
porcelain evaporating dish or, w’-hen several samples were to be tested at the 
same time, in the depressions of porcelain plates such as those used in the Truog 
set, moistened with about 1 cc. of distilled w^ater, and stirred well with a glass 
rod. By means of the tip of the glass rod, a drop or two of the soil suspension 
was transferred to a w^hite porcelain plate and spread evenly so that a film about 
1 cm. square and 0.5 mm. thick w^as formed. Then the pow^dery indicator, con- 
tained in a vial capped with a 100-mesh brass screen, w^^as carefull}^ dusted on the 
moist film of soil suspension so that just the color of the soil was covered and no 
more. About 0.01 gm. was enough for each determination. After 5 minutes 
the color developed w^as compared with a painted color standard. Results with 
this method are presented in table 2, in w^hich are also given for comparison, the 
results obtained by the Truog method. 

These results demonstrated that agreement betw^een the new method and the 
electrometric method w'as good for all soils except 2292 and 2293, and in general 
it was better than that obtained by the Truog method. The Truog method 
failed badly with soils 2290, 2291, 2292, and 2293. The fact that all these soils 
belong to the Yellow Earth group seems wmrthy of serious consideration. The 
Truog method, how^ever, should not be blamed for disagreement betw^een num- 
bers 1331, 1332, and 1333, since the upper limit of alkalinity showui by its color 
standard is pH 8.5. 

CONCLUSIONS 

It is urgent to have all agricultural soils in China tested so that adjustments of 
their reactions can be made, to favor the growth and increase the yield of crops. 
As the importation of foreign testing sets is difiacult and expensive, the proposed 
pow^dery indicator method meets the demand in a timely fashion. This method 
is recommended for its simplicity, rapidity, and reasonable accuracy. The 
powdery form of the reagent facilitates carriage and storage, a great advantage 
over the solution form. The new method should also find wide application in 
various industries. The reactions of turbid and colored solutions, falling within 
the effective pH range of this method but to w’-hich colorimetric work is inappli- 
cable, could be conveniently and speedily determined 
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Ordinary soils which usually contain a considerable proportion of replaceable 
calcium are converted to alkali soils vdth exchange of calcium for sodium. 
Chemical reclamation of such soils depends on the reverse reaction. It is be- 
lieved that these reactions follow chemical laws and that definite equilibriums 
exist betAveen the proportion of each cation on the exchange complex and the 
concentration of these cations in the soil solution. With a knowledge of these 
equilibriums and the composition of the corresponding soil solution, one could 
estimate the amount of each cation on the exchange complex in equilibrium 
vdth it. Also one could estimate the maximum absorption of the various cations 
on a soil Avhich could be obtained by a prolonged leaching Avith a solution of 
knoAAm composition and concentration. 

Investigators sometimes have had difficulty in fitting base-exchange equations 
to experimental data invohdng both monovalent and divalent ions : first, because 
in many such reactions a shift in equilibrium has occurred upon dilution of the 
of the system, and second, because the same equilibrium is not ahvays obtained 
when approached from either direction. 

This paper presents data on the equilibriums obtained AA-hen calcium-saturated 
soils are treated Avith sodium and ammonium chloride solutions. 

LITERATURE REVIEAV 

Base-exchange equations can be divided into tAA^o general types: (a) those 
which are empirical and are related to an adsorption isotherm, and (&) those 
Avhich are based on the mass-action laAv or some modification of it. Wiegner (20) 
was one of the first to note that in certain base-exchange reactions a shift in 
equilibrium occurred AAith dilution of the system. This shift apparently occurs 
only Avhen exchange takes place betAveen ions of dissimilar valence. Renold (12) 
asserts that it is generally absent in cases of monovalent exchange, AA’-hereas it 
has frequently been observed in exchange involving dissimilar valence. In the 
same article he ascribes the shift in equilibrium AAdth dilution to the presence of 
heavy metal ions. 

Kerr (8) applied the mass-action equation to exchange betAveen calcium and 
hydrogen ions. For simplicity, exchange pairs of this nature are herein desig- 

^ Contribution from the U. S. Regional Salinity Laboratory, Bureau of Plant Industry, 
Soils and Agricultural Engineering, Agricultural Research Administration, U. S. Depart- 
ment of Agriculture, Riverside, California, in cooperation with the 11 Western States and 
Territory of Hawaii. 

2 Director, assistant soil scientist, and junior soil scientist, respectively. 
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nated as Ca/H where calcium is the original cation present. Kerr wrote his 
base exchange equations as follows: 

CaX + 2HC1 CaCl2 + (1) 


and on this basis the equilibrium equation becomes 

(Ca+-^)(H2X) ^ ^ 
(H+)2(CaX) 


(B) 


in which X represents the absorbing complex of the soil. 

In a later paper (9) he reported on Ca/NHd exchange and, on the basis that 
the soil acid was monobasic, wrote his equilibrium equation as follows: 


(NUtnCaX.) 

(NH4X)2(Ca-H-) ^ ^ 

Kerr did not vary the amounts of soil or the total volume in his experiments 
and obtained fairly uniform equilibrium constants. 

In 1932, Vanselow (19) studied the Ca/NHd and Nl-^/Ca reactions, varying 
both concentration and amount of exchangeable material. In the latter case, 
Kerr’s equation failed to give constant values. Vanselow attributed this to 
the formation of mixed cr^^stals in the absorption complex, and substituted in 
Kerr’s equation mol fracticms to represent CaX2 and NH4X. On this basis his 
equation for Ca/NH4 exchange became: 

(NH4Z)^- .. 

(NEtf CaXsCCaXs + NH4X) 

When the amount of soil was kept constant in the series, Kerr’s and Vanse- 
low’s equations fit about equally well, but when the amount of absorbing mate- 
rial was varied, Vanseiow’s equation gave the best fit. 

Gapon (2), in Russia, developed a new “mass-action” equation which has 
only recently come to the attention of American workers. He represents 
exchange by the equation: 


MiX + M 2 ^ M 2 X + Ml 


where X represents the base-exchange complex, and Mi and M 2 represent two 
lands of cations. At equilibrium, Fi, the velocity to the right, equals F2, the 
velocity to the left. But the velocity Fi is proportional to the surface occupied 
by the molecules ilfi, which vre shall designate by Fi, and the concentration of 
molecules if 2, which we shall designate as 0%. Then 


and similarly 


Fx = KiFA 
F2 = K2F2CX. 


The equilibrium constant K is then 


T, F 2 C 1 

equal to 
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For Ca/NH 4 base exchange, Gapon wites the equation as follows: 

CajZ -1- NH4 + NH4Z -h JCa++ 


(S) 


He points out that on an absorbing surface, calcium behaves as does sodium 
when expressed on a milliequivalent basis which leads to the equation : 


Ca"^ 


NHt 


X 


NH4X 

CaZ 


K 


( 6 ) 


It should be noted that in this equation, Ci and C 2 are given in millimols per unit 
volume and NH4Z and CaZ in milliequivalents. 

Jermy (7) later developed a kinetic theory of base exchange for ions of equal 
valency founded on statistical considerations. Hofmann and Giese (6) adapted 
this equation for Ca/NH 4 exchange and obtained: 

(NHt)^ NH4X) _ 

Ca++ ^ F(NH 4 X )2 

This equation is the same as that of Kerr (S) except that, according to our 
conventions, it is written as being approached from the right and it contains a 
volume factor. V here represents the volume corresponding to a certain amount 
of soil. These authors appear to be the first to introduce a volume factor in 
mass action equations for base exchange. 

Ogg (10) made a study of the Ca/NH 4 reaction on Iowa soils and tried to fit 
the results into the straight line forms of Vageler’s (17, 18) and of Gapon’s 
equations* He asserted that the soil-water ratio changed the slope of his curves, 
and found the Vageler equation superior in expressing exchange between H+ and 
Ca+‘^ or Na+. The Vageler equation is empirical and based on amounts of 
reactants at the beginning of the reaction. 

In recent years it has been shown that inorganic base-exchange materials in 
soils are primarily mineral in nature. [See Grim (4) for a good summary review. ] 
It is to be expected that with different kinds of minerals and chemical or physical 
bonds, equilibriums are different in different soils, depending on the kind and 
relative amounts of the minerals present and the ion-exchange pairs under con- 
sideration. Thus Schachtschabel (15), and Hendricks and Alexander (5) have 
shown that from a mixture of calcium and ammonium salts, montmorillonites 
will take up relatively more calcium than will micaceous minerals, kaolin, 
muscovite, or biotite. 

MATERIALS AND METHODS 

Calcium-saturated Fallbrook sandy loam was used in these experiments. 
The Fallbrook series are primary soils derived from granites, are reddish brown 
in color and mildly alkaline in reaction, but without free lime (1). These soils 
are formed under climatic conditions of 12 to 20 inches of rainfall during the 
warm winters, and of hot dry summers tempered to some extent by occasional 
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high fogs and haze. Hendricks,^ using both x-ray diffraction and thermal 
analyses methods, found the colloid of this soil to be mainly montmorillonitic. 
The whole soil was used in these experiments. It contained 0.8 per cent 
organic carbon. The soil was saturated with calcium by leaching with 0.5 
calcium chloride, washing mth water, and finally with 90 per cent alcohol. 

These investigations involved the preparation of equilibrium soil-water sus- 
pensions, the determination of the bases in the equilibrium extracts, and the 
removal and determination of the exchangeable bases of the soil. 

The equilibrium suspensions were prepared by shaking a bottle containing a 
given weight of calcium-saturated soil mth the desired salt solution for 1 hour 
in a reciprocal shaker. The suspensions were allowed to stand overnight, and 
then were filtered by means of a Buchner funnel and a paper filter, or a carbon 
filter funnel and absorbent cotton, depending on the amount of soil in the suspen- 
sion. All of the filtrates were analyzed for calcium and sodium and, in addition, 
a few were analyzed for magnesium, potassium, and manganese. 

For the determination of the exchangeable bases the soil on the funnel was 
washed free of soluble salts vdth 95 per cent alcohol, transferred to a flask and 
shaken with N NIi 4 Ac, pH = 7.0. The suspension was filtered on cotton in a 
carbon filter funnel. More ammonium acetate was passed through the soil 
until 500 cc. of solution was collected. Suction was used when necessary to give 
an approximate rate of leaching of 1 ml. per minute. The leachates were ana- 
lyzed for calcium and sodium, and occasionally for magnesium, potassium, and 
manganese. 

The calcium, magnesium, and potassium were determined by the semimicro- 
methods of Reitemeier (11). Sodium was determined according to Wilcox.^ 
The interference of phosphate was eliminated by obtaining the water-soluble 
precipitate of sodium by difference. 

RESULTS AND DISCUSSION 

The principal factors governing equilibrium in base-exchange are ratios of the 
competing ions in the solution, volume, size of soil sample, concentration, and 
temperature. These factors were studied each in turn. 

Effect of sodium percentage of solution 

Data are presented in table 1 for equilibrium between 100 gm. of Fallbrook 
sandy loam and solutions of various initial sodium percentages. 

The equilibrium constant calculated according to equation (2) appears in 
column 12 of table 1 and is obtained as a product of columns 5 and 10. Column 
13 is obtained by dividing the value in column 12 by the sum of NaX + GaX '2 
in millimols, and gives the equilibrium constant according to Vanselow. To 
obtain Gapon’s constant, the authors first calculated column 6, using millimols 

3 Personal communication, January 17, 1944. 

^ Wilcox, L. V . 1941 Methods of analyses used in the Rubidoux Laboratory, Riverside, 
California. Mimeographed, 3rd ed. U. S. Dept, Agr. 
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rather than mols, and column 11, using milliequivalents in place of equivalents. 
Then the product of columns 6 and 11 gives column 14. 

The mass-action equation is based on the active masses of reactants, hence 
activity coefficients should be used. Test calculations showed that the use of 
activity coefficients, changed the value of the equilibrium constants in tables 1 
and 2 very little, hence concentrations were used directly in these tables. 

A study of the data in columns 12, 13, and 14 indicates that Gapon^s equation 
gives the best fit, with a coefficient of variation of 2.7 compared to 12.4 and 10.9 
for Kerr’s and Vanselow’s equations respectively. 

TABLE 1 


Equilibrium data for 100 gm. F allbrook sandy loam treated with waters of varying sodium 
'percentage and 10 m.e.jl. total salt content 
Volume 1 liter 


Na 

EQUILIBRIUM SOLUTION 

EXCHANGEABLE BASES 

EQUILIBRIUM CONSTANT K 

ORIGINAL 

SOLUTION 

Na 

Ca 

Ca 

Ca 

Naa 

vs 

Na 

Na 

Ca 

Ca 

NaX2 

CaX 

NaX 

CaX 

Kerr 

Vanselow 

Gapon. 

1 

2 

3 

4 

5 

, 6 

7 

8 

9 

10 

11 

12 

13 

14 

per cent 

m.ej 

m.e./ 

mmol./ 

' 1. 



m.e. 

m.e. 

j mmol. 






50 

4.70 

6.44 

1 3.22 

.1459 

.382 

.34 

13.0 

6.50 

.0178 

.0261 

.00260 

.000380 

.0099 

80 

7.43 

3.56 

1.78 

.0324 

.180 

.64 

12.2 

6.10 

.0671 

.0525 

.00217 

.000320 

.0095 

90 

8.28 

3.17 

1.59 

.0231 

.152 

.75 

12.0 

6.00 

.0937 

.0625 

.00216 

.000321 

.0095 

95 

8.80 

2.59 

1.30 

.0169 

.130 

.85 

11.7 

5.85 

.123 

.0725 

.00208 

.000310 

.0094 

98 

9.02 

2.01 

1.01 

.0125 

.112 

.93 

11.6 

5.80 

.149 

.0801 

.00186 

.000275 

.0090 

100 

9.12 

1.97 

0.99 

.0119 

.109 

.92 

11.1 

5.50 

.153 

.0829 

.00182 

.000281 

.0090 

Mean 











.00211 

.000314 

.00938 

rjoefficient of variation 

12.4 

10.9 

2.7 













Effect of varying volume and of dilution 

In the next trial 25 gm. samples of Fallbrook sandy loam were treated with 
varying volumes of a solution containing 27 m.e. NaCl and 3 m.e. CaCh per 
liter. The data are presented in table 2. 

Examination of the data in columns 12, 13, and 14 in table 2, indicates that 
here also Gapon’s equation fits the experimental data more closely than do the 
other two. 


Effect of varying amount of soil 

In a third test, the amount of soil was varied, and these data are presented in 
part B of table 2. It vill be seen that here Gapon’s equation has the lowest 
coefficient of variation, while Kerr’s equation gives values that do not have any 
semblance of constancy. If, however, the values given in column 12 are multi- 
plied by the appropriate factors so that the results are all on the basis of equal 
amounts of soil, relative constancy is obtained for Kerr’s equation also. 
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Thus, if the first value .000074 is multiplied by 20 so as to give results on the 
basis of 100 gm, of soil, the result is .00148, which agrees fairly well mth the value 
.00135 for the case where 100 gm. of soil was used initially. It is believed that 
the failure to recognize the necessity of comparing results on equal amounts of 
soil has led to unsatisfactory results with Kerr’s equation in the hands of several 
investigators. It is noAV clear that the equation of Hofmann and Giese (7) is 

TABLE 2 


Equilibrium data for Fallbrook sandy loam and solutions containing 27 mx.ll. NaCl + S 

m.e./l. CaCh 


VOLUliCE 

OS. 

WEIGHT 

1 

EQUILIBRIUM SOLUTION 

EXCHANGEABLE BASES 

EQUILIBRIUM CONSTANT K 

Na 

2 

Ca 

3 

Ca 

4 

! Ca 
Na2 

5 

Na 

6 

Na 

7 

Ca 

8 i 

Ca 

9 

NaX2 

CaX 

10 

NaX 

CaX 

11 

Kerr 

12 

Vanselow 

13 

Gapon 

14 


m.e./l. 

m.e./l. 

mmol./ 



m.e. 

m.e. 

mmol. 







A. Volume varied^ 25 gm. soil 


ml. 

25 

19.38 

13.42 

6.71 

.0180 

.134 

.22 

3.72 

1.86 

.026 

.059 

.00047 

.00023 

.0079 

50 

21.80 

10.40 

5.20 

.0109 

.104 

.27 

3.56 

1.78 

.041 

.076 

.00045 

.00022 

.0079 

125 

23.9 

7.23 

3.62 

.0063 

.80 

.33 

3.43 

1.72 

.062 

.096 

.00039 

.00022 

.0077 

500 

24.6 

4.72 

2.36 

.0039 

.,062 

.44 

3.07 

1.54 

.125 

.143 

.00049 

.00025 

.0089 

1000 

26.8 ^ 

4.12 

2.06 

.0029 

.054 

.48 

3.10 

1.55j 

.149 

.165 

.00043 

.00021 

.0084 

2600 

26.9 

3.71 

1.86 

.0026 

.051 

.52 

3.11 

1.56 

.173 

.167 

.00045 

.00021 

.0085 

Mean 

.000447 

.000223 

6.4 

.00822 

5.6 

nofiffiGient of variation 

32.4 













B. Amount of soil varied, volume 500 ml. 
















5 

26.9 

3.78' 

1.89 

.0026 

.051 

.089 

.567 

.28 

.0283 

.157 

.000074 

.00020 

.0080 

15 

26.4 

4.15 

2.08 

.0030 

.055 

.272 

1.92 

.96 

.077 

.142 

.00023 

.00019 

.0078 

50 

25.6 

5.45 

2.73 

.0042 

.065 

.777 

6.65 

3.33 

.181 

.117 

.00076 

.00018 

.0076 

100 

24.35 

6.76 

3.38 

.0057 

.075 

1.26 

13.4 

6.70 

.237 

.094 

.00135 

.00017 

.0071 

Mean 


000185 

.0076 

Coefficient of variation 


7.0 

5.1 


very similar to Kerr’s equation, indicating that data should be compared on the 
basis of equal base-exchange capacity. 

It will be noted that the constants in column 14 of tables 1 and 2, agree well 
within each table. They do not agree so well between tables. This is attributed 
to small changes in the manner of washing the soil and in determining the ex- 
changeable bases. No attempt was made to conduct the determination at con- 
stant temperature. Room temperature during these investigations varied from 
about 20'^ to 30°C. Critics will also point out that there are many places in 
tables 1 and 2 where exchange apparently was not stoichiometric. 

In these studies and others conducted simultaneously, there was clear evi- 
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dence that appreciable amounts of bases were dissolved from soil minerals and 
that these bases, once in solution, influenced equilibriums. Thus, a sodium- 
saturated soil, mixed well with a liter of distilled water and allowed to stand 
some time, was found on analysis to contain a relatively large amount of replace- 
able calcium and some replaceable potassium. It is believed that the analyses 
reported in tables 1 and 2 are more accurate than those customarily reported in 
equilibrium studies where, for instance, a calcium-saturated soil may be shaken 
with a solution of ammonium chloride, only the solution analyzed, and equi- 
librium data calculated on the basis of stoichiometric exchange, no solution of 
minerals being assumed. 


TABLE 3 

Equilibrium data from Gedroiz, reported by Gapon, on 10 gm, Tula chernozem soil plus 100 mU 

NHaCI of varying concentration 
Results calculated to the basis of 100 gm, soil 


NOHMAL- 

NH4 

7NH4 

Ca 

vCa 

7Ca 

■\/ yCa 

NH4 

Ca 

(NH 4 X )2 

NH4Z 


VAN- 


ITY 

( 7 NH 4)2 

7NH4 

CaX 

CaX 


SELOW 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

U 

12 

13 

14 


m.e.fl. 


mmol. /I. 




m.e. 

m.e. 






.01 

7.1 

.874* 

1.45 

.8021 

.030 

.174 

2.9 

34.1 

0.49 

0.085 

.0147 

.0074 

.0148: 

.05 

41.2 

.786* 

4.40 

.677t 

.0029 

.053 

8.8 

28.2 

5.5 

0.312* 

.0154 

.0067 

.0165 

.10 

86.9 

.738* 

6.55 

.613t 

.00098 

.0312 

13.1 

23.9! 

14.3 

0.548 

.0140 

.0040 

.0171 

.50 

474.9 

.617* 

12.55 

.496§ 

.000072 

.0085 

25.1 

11.9 

106.0 

2.11 

.0076 

.0024 

.0179 

1.00 

971.2 

.572* 

14.40 

.461§ 

.000022 

.00464 

28.8 

8.2 

201.0 

3.51 

.0044 

.0013 

.0163 

2.00 

1969.7 

.548t 

15.15 

.467§ 

.0000061 

.00247 

30.3 

6.7 

273.0 

4.52 

.0017 

.0005 

.0112 

4.00 

3967.4 

.554t 

16.30 

.557§ 

.0000019 

.00137 

32.6 

4.4 

483.0 

7.41 

.0009 

.0003 

.0102 


* Calculated from data of Scatchard and Prentiss (14), without correction for tempera- 
ture. 

t Values from KCl from Robinson and Horned (13) divided by 1.05. 

t From Shedlowsky and Macinnes (16). 

§ From Robinson and Horned (13) . 

Effect of solution concentration and dilution 

In tables 1 and 2 the soil at equilibrium was less than 10 per cent saturated 
with sodium. It has been suggested that a truer picture of equilibrium would 
be indicated if a larger portion of the original calcium-exchange capacity were 
replaced by a new ion. This can be shown by reproducing as table 3 a table 
from Gapon, who used analytical data from Gedroiz (3). 

In the preparation of table 3, activity coefficients were used. Thus the ionic 
strengths of the solutions were first calculated, and activities of ammonium 
chloride at the lower concentrations calculated from the data of Scatchard and 
Prentiss (14). No data were available for activity coefficients of ammonium 
chloride above 1 N; hence, values for potassium chloride divided by 1.05, which 
is the ratio of the activity coefficients of KCl and NH 4 CI at a concentration of 1 
N, were used. Gapon obtained good agreement by using his equation without 
correcting for activity up to concentrations of 1 N. He said that he believed 
agreement would be improved above this concentration if activity coefficients 
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were used. The data given in column 14 of table 3 indicate that agreement is 
fair even to 4.0 N if activity coefl&cients were used. The equilibrium constants 
in table 3 have been calculated on the basis of milliequivalents and millimols as 
in tables 1 and 2, rather than as equivalents and mols as was done by Gapon. 

In these tests in a 1 iV solution the soil was 78 per cent saturated with ammo- 
nium, and analytical difficulties in washing and determining NH 4 X may well 
have entered. It will be noticed that over this concentration range the equation 
of Kerr does not fit well, and that of Vanselow is even less satisfactory. 

Tests with a number of other western soils have been made, some of which 
were highly calcareous, and in each case, the equilibrium equations, particularly 
that of Gapon, agreed well mth the experimental data. 

.... Ca++ 

From equations (3) and (4) it is apparent that the driving force is 


whereas in equation (6) it is 


\/Ca++ 

NHt‘ 


If the concentrations of calcium and 


ammonium ions are 10 m.e. per liter each, the value of the fraction according to 
equations (3) and (4) is 10/100 or 0 . 1 . If these solutions are now diluted to 
one-half their original concentrations, the values are 5/25 or 0 . 2 . Thus the 
magnitude of the driving force changes \vith dilution. In the case of equation (6) 
dilution also causes a change in the driving force. It is evident, then, that 
equations (3), (4), and (3) explain quantitatively the effects obtained by dilution 
in base-exchange reactions, whereas the empirical equations based on the 
adsorption isotherm do not. It is also apparent that dilution effects appear 
only when cations of dissimilar valence are present. 


Effect of temperature 

Wiegner (20) reported that the effect of temperature on Ca/NH 4 equilibrium 
in permutits was small, with a slight decrease in NH4 absorbed with increases in 
temperature. He found that an average of 6.554 millimols NH 4 were absorbed 
at 50.4°C., compared to 6.813 millimols at 5.1°C. Vanselo^v (19) gives data 
indicating similar results for Ca/NH 4 exchange in bentonite. The authors de- 
termined the equilibrium constant for Ca/Na exchange on another soil and 
obtained .00976, .00982, and .00992 at 7^C. versus .00878, .00933, and .00962 
at 30'^C. This is in the same direction but smaller in magnitude than that found 
by Venselow for Ca/NH 4 exchange. The change in equilibrium constant for 
ranges in temperatures found in laboratories is therefore of the same order as 
ordinarily encountered experimental errors. 


SUMMARY 

Fallbrook sandy loam saturated with calcium w-as treated with mixtures of 
sodium chloride and calcium chloride in which sodium concentration and volume 
and amount of soil were each varied in turn. The equilibrium data were then 
examined to test the closeness of fit with the base-exchange equations of Kerr, 
Vanselow, and Gapon. The equation of Gapon gave the best fit. This was 
also found to be the case when analytical data, reported by Gapon, were 
examined. 
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The shift in equilibrium with dilution is satisfactorily explained by each of 
these three equations, but not by the absorption type equations. At increased 
temperatures, slightly smaller amounts of sodium are present in the soil at 
equilibrium. 
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PERMEABILITY-CAPILLARY POTENTIAL CURVES FOR THREE 

PRAIRIE SOILS' 
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The flow of liquids in unsaturated porous media has been the subject of recent 
study. Buckingham (3), Gardner (4), Richards (7), and Richards and Wilson 
(10) have developed the general theory and set up the general equations of flow, 
and Richards (7) has solved the general equation of flow under steady-state 
conditions for the linear case using an experimentally determined expression 
relating permeability and capillary potential. To solve the general flow equa- 
tion, — ^ = V*(pF), F, the macroscopic velocity, must be eliminated. The 
01 

analytical difliculties encountered in finding a general expression for the velocity 
of flow in soil moisture films appear insurmountable, therefore V = — iTpV^, 
Darcy’s law, is used, p is the density of the liquid, K the permeability, and 
V 4> the total liquid moving field. Gardner (4) and Bodman (1) assume that in 
unsaturated media the liquid moving field may be analytically expressed by the 
relation V<i> = V(^ + 0 + X), where \(/ is the capillary potential, expressed in 
ergs per gram, due to the tension within the fluid caused by the surface tension 
and the curvature of the air-liquid interface. This interfacial curvature is de- 
pendent upon the moisture content of the medium. ^ is the body force due to 
gravity, and X is the osmotic pressure arising from the substances in solution in 
the soil water. In this article the osmotic pressure will be considered constant, 
as it is assumed that the concentration of the soluble substances is constant 
throughout and therefore V X = 0, 

Some objections have been made to the use of Darcy’s equation in the field of 
unsaturated flow where the equation has neither been established theoretically 
nor shown to hold experimentally. In unsaturated flow, however, the unsatu- 
rated permeability is not a constant for a given medium but varies with the 
capillary potential of the soil moisture as well as with the different media and 
must be determined experimentally at different capillary potentials. Hence, 
any deviation from the assumed law would be included in the permeability func- 
tion K, and the consequent solutions of the flow equation should give correct 
values. 

Richards (7), and Richards and Wilson (10) obtained permeability-capillary 
potential relations for soils of disturbed structure. The experiments discussed 
in the present paper were performed to obtain the permeability-capillary poten- 

i JourBal Paper No. J-1167 of Proj. 504 of Iowa Agricultural Experiment Station. 
Abridged from a portion of a thesis submitted in partial fulfillment of the requirements for 
the degree of doctor of philosophy at Iowa State College. 

® Former graduate fellow in physics and agronomy, Iowa State College. The author 
wishes to acknowledge his indebtedness to L. A. Richards for advice and helpful criticism. 
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tial relations for other soils and to compare the permeability of soil having dis- 
turbed structure with that of the same soil having natural field structure. 



Fig. 1. AutO'Ibei GATOR Apparatus for Measuring Unsaturated Permeability op 
Soils with Disturbed Structure 

MATERIALS AND METHODS 
Radial flow 

Radial flow units were constructed to measure the capillary flow rate and the 
pressure gradient in samples of Marshall and Shelby silt loams and of Dickinson 
fine sand with disturbed and undisturbed structures. The apparatus used in 
making these measurements is shown in figure 1. The inlet cell for the radial 




PEEMEABILITY AND CAPILLARY POTENTIAL 


383 


I 




flow unit was a double-walled auto-irrigator pot, A, similar to that described by 
Richards and Blood (9). A metal plate, P, was supported / cm. from the bottom 
of the pot. This plate fitted tightly against the inside wall of the pot. Through 
a centered hole in the plate a tapered porous cup, H, which served as the outlet, 
was suspended. The diameter of the hole was about 0.3 cm. larger than the 
diameter of the suspended cup. A tightly fitting rubber gasket, P, overlapping 
the plate, was placed about the cup and prevented the soil from reaching the 
lower part of the pot. A layer of soil, supported by the metal plate, was placed 
between the pot and the outlet cup; this soil layer was covered by another metal 
plate P' and gasket P' fitted as were P and P. On the outside and inside of the 
upper plate, holes were drilled and tensiometer tubes, P, 0.5 cm. in diameter and 
6 cm. long, were inserted into the soil against the walls of the pot and cup. The 
entire top was sealed with paraffin wax in such a manner that the porous cup was 
free to settle tightly against the soil. The inner tensiometer tube was con- 
nected to a mercury manometer W. A differential mercury manometer was 
connected between the two tensiometer tubes. A small hole in the upper gasket 
allowed the soil air to remain at atmospheric pressure. To provide w-ater under 
constant tension at the inlet, a long rubber tube connected the inlet to flask P. 
Operating on the Mariotte flask principle, this flask was connected to the burette 
P, and storage reservoir M. The lower cell was connected to the overflow level 
E, and this to the measuring burette and storage reservoir M\ When tensions 
greater than those which could be obtained by lowering the inlet and outlet were 
desired, the apparatus was connected to a vacuum barostat apparatus described 
by Richards (8). 

The permeability will be considered constant for each setting to facilitate the 
solution of the equation, since the tension in the water throughout the soil for any 
given setting is almost constant, the difference in tensions between the inlet and 
outlet being kept small. The permeability is plotted against the average tension 
(negative pressure) at the inlet and the outlet. 

If Q/t is the inflow in cubic centimeters per second, Vh and Va are the radii of 
the pot and cup respectively, L the length of the soil ring, p the pressure diSer- 
ence between the inlet and outlet walls, then rate of flow, pressure difference, 
inlet and outlet radii, and the permeability are related by the equation (6, p. 
152): 


^ In^ 

K ^ 


Q 


t 2'jrLp t 2'irLyp 


( 1 ) 


since capillary potential ^ 


= f ^ 


j 


and 4^ is numerically equal to pressure p when 


the density of the water is constant and equal to unity. 

If the boundary conditions of this radial flow system are characterized by 


r = Va 
T - Tk 


4/ — fh 


(^) 
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where is the capillary potential at the soil pot wall and 4/a is the capillary po- 
tential at the outlet cup wall. 

The relationship between the capillary potential and the radius r is found to 
be (6, p. 152) 


( i'h - M ^ , 'Ph - 'f'- (g) 

i '“S ; 


Cylinder method: soil with natural field structure 

To determine the permeability of soils having natural field structure, other 
arrangements of porous plate apparatus were used. One was similar to that de- 
scribed by Richards (7) except that a circular cell was used. The soil column, 
approximately 25 cm. in diameter and 16 cm. long, was obtained by jacking a 
galvanized cylinder into the undisturbed soil. 

To ensure good contact, the upper cell was held firmly against the soil column 
by strong rubber bands. To prevent loss of moisture from the system, the tele- 
scoping frame was wrapped with impervious adhesive rubber and each cell was 
tightly sealed to the frame with roofing tar. A small hole in the upper seal al- 
lowed the soil air to remain at atmospheric pressure. 

Before the system was put into operation the cells were filled with boiled dis- 
tilled water and the entire system was wetted slowly at reduced pressure. The 
pressure in the soil water at each end of the soil column was measured by ten- 
siometers connected as described in the preceding section. Data was obtained 
from two units. Frame 1 was filled with undisturbed Marshall silt loam taken 
from the Soil Conservation Experiment Farm near Clarinda, Iowa; and frame 2, 
mth Shelby silt loam from near Bethany, Missouri. Soil samples containing 
holes or cracks were discarded. 

In all the experiments, both radial and linear, the volume of water used was 
kept at a minimum. Distilled water was used to wet the soil. The soil perco- 
late was used repeatedly so that the soluble substances would not be leached 
continually from the soil thus dispersing the colloids, altering the soil structure, 
and thereby changing the soil permeability. It was not possible to prevent a 
slow steady loss of moisture from the flow systems. This loss appeared to be 
independent of the flow rate or the capillary potential. It was assumed that 
equilibrium was reached when the flow rate into the system became constant and 
exceeded the outflow rate by a small fixed amount not exceeding 0.05 cc. daily 
for any setup and the soil moisture tension and tension differences remained 
constant. The flow rate was then determined, the capillary potential and poten- 
tial difference were ascertained, and the permeability for the given capillary 
tension was computed. For the cylinder, if Q/t is the inflow rate in cubic centi- 
meters per second, a, the area of the soil column, L, its length, and P, the pressure 
difference in dynes/cm.^ between the ends of the soil column, then we may write 
Darcy’s law for downward flow: 


( 4 ) 
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and solving for K we obtain: 



Large differences in pressure between the ends of the soil column were avoided, 
since the permeability as measured is an average for the range of values of the 
capillary potentials existing in the soil column. This average permeability is 
assumed to be equal to the actual permeability for the average capillary potential. 
Since permeability is not a linear function of the capillary potential the average 
permeability is not, in general, equal to the actual permeability when averaged 
over large differences in capillary potential. 

Column method 

Only one permeability value could be obtained at a given time for a given 
capillary potential in the conductivity measuring arrangements described above. 
Additional values were obtained by changing the soil moisture tension, allowing 
water to flow through the soil until steady-state flow was again attained before 
another permeability value could be determined. For soils, such as Marshall silt 
loam, which showed a marked decrease in saturated permeability with the flow of 
water through them, it is difiScult to interpret the (If, curve. How much of 
the conductivity decrease is caused by soil structural changes, and how much by 
the change in capillary potential, cannot be determined. To obtain a (if, 
curve on which all points are determined at a given time, a flow apparatus similar 
to that described by Moore (5) was used. 

A galvanized iron cylinder 25 cm. in diameter and 36 cm. long was forced into 
Marshall silt loam. A similar cylinder was filled with disturbed fine sand tamped 
to the desired porosity. In each cylinder, holes were punched 3, 10.5, 18, 25.5, 
and 33 cm. from the top of the cylinder. Tensiometer cups were inserted hori- 
zontally through these holes, and the cylinder-cup junctions were sealed to pre- 
vent loss of moisture. The cylinder containing the soil was set on a porous cell 
like that described in the preceding section. The system was wet under a vac- 
uum, and the inlet was connected to a Mariotte flask similar to that previously 
described. The water from the inlet moved upward through the soil and evap- 
orated from the upper layer of soil. 

The rate of water uptake was measured. Tensions shown by the mercurial 
manometers connected to the tensiometer cups were frequently read. When 
readings of the tensiometers and the rate of water uptake became constant it was 
assumed that equilibrium had been reached. All experiments were carried out 
at 25 C. The (t/', z) curve for these data were plotted for upward flow. The 

n # 

tangent, was determined from the curve and the conductivity calculated by 
dz ' , 

means of Darcy’s law modified for upward flow: K = — rr : — 7 ^ 

^\Tz/ 
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Saturated flow experiments 

Preliminary laboratory experiments indicated that the permeability of soil 
at a given capillary potential was much less at the end of a flow cycle than at the 
same capillary potential at the beginning of such a cycle. In an unsaturated 
flow cycle, the soil is wet under a vacuum, and the permeability is determined for 
decreased moisture contents do'vvm to field capacity. The soil is then allowed to 
absorb moisture and the permeability measured for soil moisture contents up 
to near saturation. To compare the decrease in permeability for unsaturated 
flow with the change in permeability with time for saturated flow, saturated flow 
experiments were conducted. 

Samples of Marshall silt loam having natural field structure were obtained and 
placed in a constant-head permeameter similar to that used by Stearns (11). 
The percolate flowed upward through the soil and was used repeatedly. The 
vertical macroscopic velocity of the water was small, never exceeding 0.07 cm. 
per minute. To compare the permeability and the time rate of change of perme- 
ability of disturbed soil with soil having natural field structure, similar experi- 
ments were performed with Marshall and Shelby soils which had been packed 
until the density of the soil with disturbed structure was equal to that of the soil 
■with natural field structure. The variation of the permeability with time was 
observed for some of the soils for as long as 194 days. 

RESULTS 

Data from all of the unsaturated flow experiments are summarized graphically 
in figures 2, 3, and 4. In each figure the logarithm of the permeability is plotted 
as a function of the capillary potential. The curves obtained are similar to those 
of Richards (7) and Richards and Wilson (10). A study of the unsaturated flow 
curves shows that for the desorption and sorption curves for the same material, 
the sorption curve has appreciably smaller permeabilities for the same capillary 
potential than does the desorption curve. Likewise the saturated permeability 
of the soil shows a very marked decrease with time (fig. 5), as was shown by Bod- 
man (2). The maximum permeability of the saturated soil was 51,200 X 10^^ 
cc . 

^dyn^ permeability units near the beginning of the experiment and 

cc. / 

decreased to about 60 X 10^^ permeability units after continuous flow for 200 
days for Marshall silt loam, whereas for Shelby silt loam the maximum saturated 
flow rate was 15,900 X 10^^ permeability units but the rate of decrease was much 
smaller than for the Marshall. 

The maximum flow rates for nearly saturated soils were not so large as for the 
saturated, and at the largest capillary tensions the flow rate decreased to 1.5 
permeability units. Upon regretting, the permeability alvrays was restored much 
nearer to its original value than was the case for saturated flow. In the experi- 
ments on capillary flow the time of flow and the quantity of water passing through 
each column of soil of like areas for the saturated and the unsaturated flow were 
nearly the same. 


sec. cm, 
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The decrease in saturated permeability of the soil with time may be attributed 
to one or more of the following : (a) air may come out of the solution and fill the 
pores; (b) the colloids in the soil may be dispersed and swell or be transported 
by the soil moisture; (c) material may be deposited from the solution, thereby 
cementing the openings; (d) the soil may be compacted during the flow; (c) the 
aggregates which determine the soil structure may be changed; (/) bacterial 
action may change the soil and pore space. For the unsaturated flow case the 
decrease in the permeability with decreasing capillary potential may be due to (a) 
the actual change in the permeability of the medium which wms shown to occur 



Fig. 2. Logabithm of Soil Pebmeability X 10^^ as a Function of the Capillary 
Potential for Drying and Wetting of Soil with Disturbed Structure 
Obtained by the Auto-Irrigator Method 

in the saturated flow experiments, and (5) the decrease in the size and thickness 
of the moisture conducting films due to the drying of the soil. With an increase 
in the moisture content of the soil, the size of the moisture films should increase. 
Even if there is no actual change in the structure of the medium there is no reason 
to expect that the permeability at the same capillary potential should be equal 
during the desorption and sorption. Smith (12) has shown that for ideal soils a 
hysteresis effect should exist, since during desorption the size of the smallest 
throat of the assemblege determines the moisture content of the interstices, 
whereas, for sorption, the largest throat determines the moisture content of the 
interstices. Thus, the amount of water in the soil at a given capillary potential 
should depend upon its past history. This difference in the moisture content at a 




Fig. 3. Logarithm of the Permeability XIO^^ as a Function of the Capillary 
Potential for Drying and Wetting of Soil with Natural Field Structure 
Obtained by the Cylinder Method 


Legend: 



L-L-l L I I .. .-..I LJ- 




CapUiorg Potential Y ergs /gram 

Fig. 4. Logarithm of the Permeability X 10^^ for Desorption Obtained by the Column 

Method 
■388 . 
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given capillary potential may explain the decrease in the xinsaturated permeabil- 
ity on the wetting curve as compared with that of the drying curve. 

In figure 2 it is seen that the permeability of Marshall silt loam is about six 
times as great at a capillary potential of 0.5 X 10® ergs/gm. for the drying soil 
as for the soil being wetted. Likewise for Shelby silt loam the permeability is 
approximately ten times as great during desorption as when being wetted. Like 
differences are found for the disturbed Dickinson fine sand and the undisturbed 
Marshall and Shelby soils. However, the decrease in permeability for unsatu- 
rated flow for comparable times and amounts on going around a cycle is much 
less than the corresponding decrease in permeability for saturated flow for com- 
parable times and amounts of water which flows. 



Fig. 5. Logaeithm of the Satueated Peemeability X 10^^ as a Function of the Time 
IN Days foe the Flow of Moistuee in Satueated Soil 


A comparison of the permeability curves for soil of undisturbed structure, 
shown in figure 3, with the permeability for soil, of disturbed structure as shown 
in figure 2, indicates that the undisturbed Marshall soil has a much higher per- 
meability when near saturation than does the soil with disturbed structure, but 
at higher capillary tensions the disturbed soil has the greater permeability. 
This may be explained by assuming that relatively large flow channels exist in 
the undisturbed soil and, when these are drained, fewer effective conducting chan- 
nels exist than in the disturbed state where the soil structure was more uniform 
and the channels or moisture conducting films are smaller and therefore do not 
empty under so low a tension as for the undisturbed soil. 

A study of figure 2 shows that the desorption permeability-capillary potential 
relation for Marshall and Shelby silt loams having disturbed structure may be 
anal3d}ically represented by the expression 

lnir-a^ + 6 

over a limited range of moisture contents. 
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TMe state of aggregation, or crumb structure, of a soil is determined by the 
degree to which the individual particles are cemented together in the form of 
compound particles. The cementing material is obviously colloidal matter, or 
clay. Although theoretically a soil could be made to have any state of aggrega- 
tion by suitable treatment in the laboratory, natural soils do acquire a stable 
structure which, within limits, resists ordinary methods of cultivation. The 
exact mechanism of aggregate formation must be a complicated phenomenon in 
which the size of particles and the amount of clay are bound to play an important 
part. 

The dominant role of the clay fraction in soil aggregation would be readily 
admitted. Exactly how it affects the formation of compound particles can be 
found by gradually removing this fraction and determining the state of aggrega- 
tion of the soil at every step. Somewhat similar results would be expected if 
clay is gradually added to a colloid-deficient soil and the treated soil is mechani- 
cally analyzed on drying. Before the value of such experiments could be ap- 
preciated, however, it was necessary to test the reproducibility of results. 

Three typical soils were selected for this purpose. These represented dif- 
ferent types : P. C. 6, a laterite ; P. C. 13, a black cotton soil ; and Field Laboratory 
soil, a typical Punjab alluvium. These soils were repeatedly dispersed and dried 
and the dried samples mechanically analyzed by means of the chaino-hydrometer^ 
and the Puri siltometer.^ The method employed for dispersion consisted in 
shaking the soil suspension for 24 hours in a mechanical shaker with coarse sand. 
This method, the detailed description of which is given elsewhere®, has the 
advantage that the soil is dispersed without involving its conversion into sodium 
soil. The result is that the dispersed soil on drying, unlike a sodium soil, will 
not redisperse in water, and its mechanical analysis reveals the state of aggrega- 
tion exactly as this exists in the dry soil. 

The results given in table 1 show that a dispersed soil when dried does acquire 
a stable and reproducible state of aggregation. Thus the influence of the re- 
moval of clay from or its addition to a soil could be studied with confidence. 
The same three soils were used for this purpose. They were dispersed by the 

^ Puri, A. N., and Puri, B. R. 1939 Physical characteristics of soils: IV. Density gra- 
dients in sedimenting columns and a chaino -hydrometer, for mechanical analysis of soils. 

/SfcL 48: 14^160. 

2 Puri, A. N . 1939 A siltometer for studying size distribution of silts and sands. Pm- 
jab, Irrig, Res. Inst Res • Pub. 2(7). 

® Puri, A N., Dyal, P., and Rai, B. Studies in soil dispersion: I, Dispersion of soils by 
mechanical methods. To be published in Indian Jour. Agr. Bci. 
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sand method, and the clay fraction (<0.002 mm.) was gradually removed by 
repeated sedimentations and pourings, as in the beaker method of mechanical 

TABLE 1 

RepToducihility of results on repeated dispersion and drying of soils 


SUMMATION PEECENTAGES OE VARIOUS LIMITING DIAMETERS 


SOIL 

NUMBER 

DESCRIPTION 

0.002 mm. 

0.005 mm. 

0.01 mm. 

0.02 mm. 

0.06 mm. 

o 

d 

o 

CS 

d 

0.30 mm. 

0.40 mm. 

0.50 mm. 

0.60 mm. 

P.C.6 

Dispersed and dried 

6.0 

6.8 

10.8 

25.3 

58.2 

|67.5 

84.0 

95.0 

99.0 

100.0 



; Redispersed and dried 

5.2 

8.5 

11.5 

24.2 

56.5 

62.5 

80.2 

93.5 

97.5 

100.0 



Dispersed again and dried 

5.6 

8.1 

10.8 

24.2 

55.5 

64.8 

81.5 

95.0 

97.8 

100.0 


F. L, 

Dispersed and dried 

11.9 

18.4 

30.4 

44.4 

77.8 

93.5 

98.0 

99.0 

99.9 

100.0 


Soil 

Redispersed and dried 

10.8 

18.0 

30.1 

43.8 

75.5 

92.5 

97.5 

99.0 

99.6 

100.0 



Dispersed again and dried 

10.8 

17.1 

29.5 

43.8 

76.2 

92.2 

94.5 

98.2 

99.0 

100.0 


P.C.13 

Dispersed and dried 

1.4 

5.3 

9.7 

19.1 

29.4 

39.3 

61.0 

75.2 

82.1 

93.2 

100 


Redispersed and dried 

1.6 

7.1 

10.4 

21.1 

29.0 

38.8 

61.7 

72.2 

84.4 

94.9 

100 


Dispersed again and dried 

1.2 

6.6 

10.0 

21.4 

30.8 

38.8 

58.8 

70.2 

83.4 

93.5 

100 



Fig. 1. Effect of Removal of Increasing Amounts of Clay on State of 
Aggregation OF Soil P. C. 13 

(a) Sample dispersed and dried without removal of clay 

(b) 50 per cent of total clay content removed 

(c) 60 per cent of total clay content removed 

(d) 90 per cent of total clay content removed 

analysis, f he mechanical analysis of the dried residual soils was made before 
and after dispersal by the sand method, and the results are given in figures 1,2, 
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and 3 in the form of summation curves. It will be seen that on the removal of 
clay, the summation curves tend to become alike. This indicates less and less 
aggregation of the coarser fractions, and when the whole of the clay fraction has 
been removed the remaining fractions appear as in the completely dispersed soil. 

The effect is exactly opposite ^vhen clay is gradually added to natural soils 
(figs. 4, 5, and 6). Clay for this purpose was separated from a dispersed clayey 
soil and was converted into hydrogen cla}^ b}^- treatment with dilute HCl and 
subsequent leaching with water to remove chloride ions. The clay was thus in a 
fully dispersed state and w^as stored without dr3ing. Increasing amounts of this 
clay suspension w-ere thoroughly mixed with the natural soils and dried. The 



Fig. 2. Effect of Removal of Increasing Amounts of Clay on State op 
Aggregation op Soil P. C. 6 

(a) Sample dispersed and dried without removal of clay 

(b) 50 per cent of total clay content removed 

(c) 65 per cent of total clay content removed 

(d) 90 per cent of total clay content removed 

dried mixtures were powdered and analyzed as before. It might be mentioned 
that hydrogen clay once dried does not redisperse in water unless it is converted 
into sodium clay or given some violent mechanical treatment such as rubbing 
with a rubber pestle or shaking with sand. The dried samples therefore repre- 
sented the state of aggregation which w^as w^atei'-stable. 

These results confirm the conclusion previously reached that the state of 
aggregation of a soil, within limits, is a fundamental characteristic which is de- 
pendent on the ultimate mechanical composition of the soil.^ The belief that 

i Puri, A. N., and Puri, B. R. 1939 Physical characteristics of soils: II. Expressing 
mechanical analysis and state of aggregation of soils by single values. Soil Set. 4:7 :77-Sl, 
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Fig. 3. Effect op Removal of Inceeasing Amounts of Clay on State of 
Aggeegation op Field Laboratory Soil 

(a) Sample dispersed and dried without removal of clay 

(b) 90 per cent of total clay content removed 

Fig. 4. Effect of Addition op Clay on State of Aggregation op 
Field Laboratory Soil 

(a) 1.2 gm. of clay added to 10 gm. of soil 

(b) 4.0 gm. of clay added to 10 gm. of soil 



Pig, 5. Effect of Addition of Clay on State of Aggregation op Soil P. C. 13 

(a) 1.0 gm. of clay added to 10 gm. of soil 

(b) 3.0 gm. of clay added to 10 gm. of soil 

Pig. 6. Effect op Addition of Clay on State of Aggregation op Soil P. C. 6 

(a) 1.5 gm. of clay added to 10 gm. of soil 

(b) 4.0 gm, of clay added to 10 gm. of soil 
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the quantity of water-stable crumbs in a soil may change from day to day is not 
well founded, and the mechanical analyses of soils without any preliminary 
treatment whatsoever are likely to yield useful results. . 

Another aspect of the state of aggregation of soils is the formation of aggregates 
on flocculation of a suspension. It is of interest to know whether these aggre- 



Fig. 7. Size Distribution Curves of Soil P. C. 13 Flocculated with 
Calcium Chloride 
M = mean diameter 



Fig. 8. Size Distribution Curves of Soil P. C. 13 Flocculated with 
Different Electrolytes 
M = mean diameter 

gates bear some relation to the crumb structure of the soil on dr 3 n.ng or to its 
ultimate mechanical composition. For this purpose a completely dispersed 
H-soil suspension was flocculated by the addition of 10 cc. of N CaCb to 2 gm. 
of soil in 100 cc. of water. The flocculated suspension was kept for 10 days to 
produce water-stable floes, and then was analyzed in the Puri siltometer. The 
results of this analysis for soil P. C. 13 are given in figures 7 and 8 in the form of 
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distribiitiori curves. It will be seen that the curves are reproducible; in other 
words, the state of aggregation is not due to the chance coalescence of the particles 
but takes place in accordance with some definite relationship to the mechanical 
composition of the soil. It is interesting to note that for soil P. C. 13 neither 
the shape of the distribution curve nor the mean diameter (M) differs very 
much when different flocculants are used, though sodium chloride appears to 
give a somewhat lower value for the mean diameter (fig. 8). TMs is not surpris- 
ing in view of the peculiar behavior of sodium soils. Potassium, on the other 
hand, behaves like a divalent ion. 

It was felt that the concentration of NaCl used for these experiments might 
not have been sufficient to bring about the same state of aggregation. Raising 
the concentration of the solution from 0.1 to 0.2 iV, however, did not materially 
affect the distribution curve. These results show, therefore, that soils with 
sodium as the exchangeable base definitely give finer crumbs. 

The flocculation experiment was repeated with a very fine alluvial soil con- 
taining about 85 per cent clay. The mean diameters varied slightly, though the 
peak of the curve was found to lie at the same point in every case. Since it 
is the clay fraction only which shows the flocculation effect to any marked degree, 
slight variations in the experimental conditions are likely to produce greater 
changes in a highlj^ clayey soil. 

CONCLUSIONS 

Soil can be dispersed and dried repeatedly without effect on its crumb structure 
in the dry state. 

Water-stable crumbs in a natural soil represent more or less permanent struc- 
tures which are dependent on the ultimate mechanical composition of the soil 
and thus represent fundamental characteristics which are not likely to change 
from day to day. 

Mechanical analysis of natural soils without any preliminary treatment, 
chemical or mechanical, is likely to prove of value in the light of this investigation. 
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SEMIMICRODETERMINATION OF THE EXCHANGE CAPACITY 

OF SOILS 
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The phenomenon of base exchange in soils has been the subject of a large num- 
ber of investigations. Methods designed for the determination of the exchange 
capacity have been reported (2, 3, 4, 5, 6, 7, 8). The macromethod used in this 
laboratory is a modification of the method proposed by Chapman and Kelley 
(2). The procedure is time-consuming, and furthermore requires an appreciable 
amount of soil and reagents. In order to obviate some of these difficulties, 
simplified methods of analysis have been suggested (1) but no method yet pro- 
posed has the advantages of a rapid semimicrotechnique. It was with this 
thought in mind that the method described in this paper has been developed. 

METHOD 

The proposed scheme of treatments and analysis is essentially a semimicro- 
modification of the Chapman and Kelley method (2). One-gTam aliquots of soil, 
rather than the 25- or 50-gm. samples that have been generally used, are subjected 
to the specified treatments. The prolonged leaching process which involved the 
use of ammonium acetate is replaced with a series of short digestion periods, 
using a soil-ammonium acetate mixture, followed by centrifugation of the soil 
suspension. After removal of the excess ammonium acetate with methyl alcohol, 
the total ammonia fixed by the soil is liberated by a seminiicro Kjeldahl dis- 
tillation, and the ammonia is determined quantitatively with Nessler’s reagent. 

Reagents 

The following reagents are used: 

A. 1 N ammonium acetate (pH 7 ) 

B. 10 per cent ammonium chloride 

C. Saturated ammonium oxalate 

D. Methyl alcohol (neutral) 

E. 0.02 N sulfuric acid 

F. Kessler’s reagent ( 9 ) 

G. Standardized ammonium chloride (50 p.p.m. NH4) 

H. Heavy magnesium oxide 

Preparation of the soil and replacerjient of exchangeable bases 

The homogeneity of the soil under consideration is obviously of particular 
importance in this type of determination. The significance of the results de- 
pends essentially upon the uniformity of the sample subjected to the treatments 

^ The author expresses his appreciation to J. C. Martin and T. C. Broyer for suggestions 
and helpful criticisms regarding this paper. 
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and analysis. It is therefore advisable that soil aggregates, subsequent to air- 
drying, be thoroughly disintegrated by grinding the soil with a hard rubber pestle 
(rock particles occasionally present should not be crushed under these condi- 
tions) . The soil is subsequently passed through a 20-inesh screen and thoroughly 
mixed. 

The moisture content of a 10-gm. sample of the prepared soil is determined by 
drying for 24 hours in an oven maintained at lOO'^C. Duplicate samples of air- 
dry soil, equivalent to exactly 1 gm. of oven-dry soil (soil dried under the condi- 
tions of the moisture determination), are used for the determination. 

The aliquot of soil is transferred quantitatively into a 3 x 16 cm. centrifuge 
tube containing 25 cc. of ammonium acetate (A). The mixture is thoroughly 
agitated by hand in order to suspend temporarily as much of the soil as 
possible in the liquid phase. It is then digested for 25 minutes in a water 
bath maintained between 60 and 70°C. The contents are then centrifuged 
at a force of 10"^ X gravity for 5 minutes. The supernatant liquid is de- 
canted and a second 20-cc. portion of ammonium acetate added; the mixture is 
agitated, digested for 10 minutes, and centrifuged again. After three such 
treatments, the presence or absence of calcium is ascertained in the supernatant 
liquid. [Thi’ee cubic centimeters each of ammonium chloride (B) and am- 
monium oxalate (C) are added to 10 cc. of the solution. A white turbidity indi- 
cates the presence of calcium.] The digestion and centrifugation process 
described is continued until calcium (or other indicator ion) ceases to appear in 
the liquid phase. The soil is then digested for several minutes with a final 10 
cc. of reagent and centrifuged. (Generally, the exchange complex is saturated 
with ammonia after three to five centrifugations have been completed.) 

Ten cubic centimeters of methyl alcohoP (D) are added to the soil residue. 
The mixture is digested for 5 minutes in a water bath maintained at 45°C., 
followed by centrifugation. This procedure is continued until the color pro- 
duced when 10 cc. each of the supernatant liquid and water and 2 cc. of Nessler^s 
reagent (F) are mixed is equivalent to that produced with methyl alcohol and 
water. The soil is then digested ^vith a final 10 cc. of method alcohol, centrifuged, 
and alcohol removed by decanting. 

It is important that ammonium acetate and methyl alcohol be decanted from 
the soil residue as carefully as possible. The very small particles, of colloidal 
dimensions, which are most active in the exchange reactions, are also most 
easily dislodged from the soil mat formed by the centrifugation. Loss of such 
colloidal material may introduce appreciable error when the exchange capacity 
of a soil is of a low order of magnitude. 

2 Results have shown that commercial methyl alcohol is generally acid or alkaline. In 
this case, the pH is adjusted to 7 with NH 4 OH or HCL Also, a slight coloration occurs with 
Nessler’s reagent, indicating the presence of a trace of ammonia. The ammonia generally 
present, however, occurs in such trace quantities that contamination from this source is 
considered insignificant. 
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Determination of ammonia in the exchange complex 

The ammonia held in tlie exchange complex by the soil is determined with 
the apparatus illustrated in figure 1. The soil is transferred quantitatively with 
a fine stream of water into the small Kjeldahl flask. The following are then 
added rapidly in succession; 1 gm. of granulated pumice, 5 gm. of magnesium 
oxide (H), and water to jdeld a total volume of about 150 cc. The receiving 
flask (a 100- or 200-cc. volumetric flask) contains 10 to 50 cc. of 0.02 N sulfuric 
acid (E) (the amount present should Yje sufficient to neutralise the anticipated 
total ciuantity of ammonia liberated by the soil). The microburner is adjusted 
to maintain rapid distillation of the contents (approximately 5 cc. of distillate 
per minute). About 50 to 100 cc. of distillate should be collected, depending 
upon the amount of ammonia present in the exchange complex of the soil. The 
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Fig. 1. Apparatus for Determining Ammonia Held in the Exchange Complex by 

THE Soil 


fluid in the flask is subsequently diluted to volume. An aliquot containing 0.05 
to 0.70 mgm. of ammonia is taken for analysis. The total ammonia is deter- 
mined by Nessler’s reagent (9). A 10-cc. aliquot of the ammonium chloride (G) 
is used as the standard of comparison. (The aliquot used in the analysis is 
diluted with water to 60-70 cc. in a IGO-cc. volumetric flask. Five cubic centi- 
meters of Nessler^s reagent is added dropwise; meanwhile the contents of the 
container are shaken. Water is then added to the 100-cc. mark. The color 
developed in the aliquot taken from the distillate is compared with that pro- 
duced with the ammonia solution in a Klett-Summerson photoelectric 
colorimeter.) A blank determination should also be made on the distillate ob- 
tained from a mixture of 100 cc. of water and 5 gm. of magnesium oxide. 

RESULTS AND DISCUSSION 

This semimicromethod was applied to a number of soils the exchange capacity 
of -which had been measured by the macromethod. The results of both methods 
are presented in table 1. A comparison of the values shows that relatively ac- 



TABLE 1 


CompaTison of exchange capacities of various soils as measured hy the semimicromethod and 

the macromethod 




NHs PER 100 GM. OVEN-DRY SOIL 

AVERAGE DEVI- 
ATION OF ■ 
INDIVIDUAL 

DIPEERENCE 
BETWEEN 
AVERAGE SEMI- 

TORY 

SOIL 

NUMBER 

SOIL TEXTURE 

Semimicro 
method — 
individual 
deter- 
minations 

Semimicro- 
method — 
average 
values 

Macro- 
method — 
average 
values* 

DETERMINATION 
BY MICRO- 
METHOD VS. 

AVERAGE 

MACROVALUE 

MICRODETER- 
MINATION AND 
AVERAGE VALUE 

BY MACRO- 
METHOD 



m.e. 

m.e. 

m.e. 

per cent 

per cent 

102 

Sand (coarse) 

1.14 

1.13 

1.09 

1.17 

1.13 

1.17 

3.1 

3.4 

53 

Sand 

2.10 

1.91 

2.09 

1.99 

2.02 

2.03 

3.7 

0.5 

21D 

Sand (fine) 

3.68 
3.59 

3.69 
3.78 

3.68 

3.66 

1.6 

0.6 

29 

Sandy loam 

4.76 

4.70 

4.70 

4.79 

4.74 

4.76 

0.8 

0.4 

30 

Fine sandy loam 

4.95 

4.90 

4.85 

4.90 

4.95 

1.6 

1.0 

78 

Fine sandy loam 

5.58 

5.49 

5.52 

5.53 

5.53 

0.6 

0.0 

95 

Loam 

7.84 

7.75 

7.82 

7.80 

7.89 

1 

1.0 

1.1 

80 

Sandy loam 

12.43 

12.40 

12.42 

12.44 

0.2 

0.1 

101 

Clay loam 

; 17.30 

17.15 

17.23 

17.35 

0.6 

0.7 

90 

Clay 

18.72 

18.69 

18.71 

18.70 

j 

0.1 

0,1 

100 

Silty loam 

20.28 

20.30 

20,29 

20.28 

20.28 

0.1 

0.0 

36 

Loam 

24.65 

24.73 

24.69 

24.75 

0.1 

0.2 

77 

Silty clay loam 

25.92 

25.90 

25.75 

25.86 

26.00 

0.5 

0.5 

38 

, Clay' •■■■ 

30.00 

30.00 

30.00 

30.00 

0.0 

0.0 

40 

Clay 

33.80 

33.95 

33.93 

33.89 

33,97 

0.2 

0.2 


* Individual average values of the exchange capacity determined by the macromethod 
are the results obtained from five or more determinations. 
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curate determinations of exchange capacities can be made on 1-gm, samples of 
soils over a range of values from 1 to 34 m.e. of ammonia per 100 gm. of soil. 
It seems probable that soils with exchange capacities greater than those men- 
tioned here could be satisfactorily measured by this method. Soils with a value 
less than 1.1 have not been encountered in this laboratory. From a considera- 
tion of the types of soil studied (table 1), it would seem that the physical texture 
of the soil had little effect upon the accuracy of the determination. 

It is of interest to note that on the basis of the limited number of analyses pre- 
sented, the percentage deviation bet\veen the average macrovalues and semi- 
microvalues tends to become appreciable vith an exchange capacity of 3 m.e. or 
less (fig. 2). From a practical viewpoint, however, an error of 5 per cent or less 
is relatively unimportant for a soil the exchange capacity of which is of the order 
of 1 or 2 m.e. per 100 gm. of soil. 



Fig. 2. Pekcentage Deviation Between Avehage Maceo values and Sbmimicro values 
FOR Exchange Capacities of Soils 

X, average deviation of individual exchange-capacity measurements by the semimicro- 
method from the average exchange capacity determined hy the rnacromethod. 

Y, average exchange capacity determined by the macromethod. 

From a comparison of the results obtained with the semimicromethod and the 
procedure of Chapman and Kelley, the author feels Justified in proposing the 
method outlined as a rapid means of determining the exchange capacities of 
soils. 

SUMMABY 

A rapid semimicromethod has been described for the determination of the ex- 
change capacity of soil. Comparisons have been made between results obtained 
by this method and those of the standard macromethod. A saving of time and 
reagents necessary to the measurements, without sacrifice of accuracy, has been 
demonstrated. 
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Previous work at this laboratory (18) has shown that the level of boron sup- 
ply may have considerable effect on mineral accumulation by plants. The 
effects reported were of sufficient magnitude to suggest that boron supply maj^ 
definitely affect the nutritive value of crop plants. In this respect the soil 
chemistry of boron may be of greater importance than was formerly thought. 
The present study was undertaken to obtain more information on the mechanism 
of boron fixation, in order to draw more generally applicable conclusions regarding 
the fate of boron amendments. 

A number of workers have found that overliming certain soils results in plant 
deficiency symptoms, but that in many cases the deleterious effect of large lime 
applications does not occur where boron applications have been made (3, 12, 14, 
26). This “overliming injury^’ is usually accompanied by a decreased boron 
content in the plants (2, 13, 26). One explanation of this phenomenon is that 
the deficiency s^miptoms noted are due to a ph 3 "siological unbalance in boron 
and calcium supplies available to the plants (5, 8, 9, 10, 21), and that the soil 
boron is not actually “fixed’’ in a form unavailable to plants (5). 

Other investigators have found, however, that when some soils are overlimed, 
a greater amount of a boron application is retained by the soil than by the same 
soils in an unlimed state (11, 12, 20). It has been suggested that this type of 
fixation is due to the stimulation of the soil microflora by liming, with attendant 
competition between crop plants and soil microorganisms for the available boron 
(2, 7, 15, 25). Studies with sterile soils do not support this contention, as it has 
been shovm (11) that boron may be fixed in a period as short as 1 hour. The 
conclusion reached was that when podzolized soils are limed, boron reacts mth 
or is adsorbed by the soil organic matter. Still other workers have found boron 
fixation to be a relatively slow process (6, 13) probably due to some type of chemi- 
cal reaction (6, 26). In a previous paper (17), it was suggested that boron may 
enter into aluminum-silicate crystal lattices, possiblj^ in substitution for alu- 
minum. 

3VIATERIALS AND METHODS 

The soil used was Dunkirk fine sandy loam, collected from the surface 6 inches 
of an experimental field near Ithaca, New York. After being dried and mixed, 

1 U. S. Plant, Soil, and Nutrition Laboratory, Agricultural Research Administration, 
TJ. S. Department of Agriculture, Ithaca, New York. Acknowledgment is made to K. C. 
Hamner for his assistance in depicting several of the relationships in this paper. 

2 Now soil chemist, Bureau of^Plant Industry, Soils, and Agricultural Engineering, U. S. 
Department of Agriculture, Bel tsville, Maryland. 
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a portion of the soil was used without further treatment, and the remainder 
extracted with 0.05 N IlCl in the follomng manner. Ten liters of 0.06 N HCl 
were added to 25 pounds of soil in a 5-gallon glazed crock. The mixture was 
stirred, allowed to settle for 24 hours, and the supernatant liquid siphoned off. 
More acid was then added, and the treatment repeated seven times. Six similar 
extractions were then made with, distilled water, until only a faint chloride test 
was obtained. Sedimentation was excellent for both acid treatments and wash- 
ings. The soil was then dried, rolled, and mixed. Hereafter this material will 
be referred to as “acid-treated soik’ and the original sample as “normal soil,’’ 

A series of incubation experiments were carried out in 4-inch soft-glass tum- 
blers. To the tumblers were added 125-gm. samples of soil and 40 ml. (slightly 
over saturation) of aqueous borax solution to give the following boron concentra- 
tions, in parts per million of soil on a dry-weight basis: 0.00, 0.06, 0.28, 1.42, 
4.26, and 11.36. These concentrations are analogous to field applications of 
borax (Na2B407 *101120) at the rates of 0, 1, 5, 25, 75, and 200 pounds per acre. 
The samples were then dried in forced-draft ovens at varying temperatures. 
After drying, the samples were saturated Avith 40 ml. of distilled water and dried 
again. In certain series as many as 24 such dr3dng cy^cles were carried out. 
Since crust formation tended to occur, each sample was removed after eveiy 
third drjdng cj^'cle, rolled, mixed, and replaced in the tumbler. 

After var3dng treatments and incubations the samples were removed from 
the tumblers, rolled, and mixed, and extractable boron was determined on dupli- 
cate samples of soil from each tumbler. The refluxing technique of Berger and 
Truog (1) was used in making the extractions (20 gm. soil boiled 5 minutes with 
40 ml. water). Boron extracted by this method has been shovm (1, 4) to be a 
fairly reliable measure of available boron. Water-clear extracts were obtained 
by centrifuging the soil-water mixtures for 45 minutes at 1700 r.p.m., 250-ml. 
bottles being used in an International Equipment Company laboratory centri- 
fuge, size 1, type SB (13 cm. from axis to trunnion carrier pivot). Boron was 
determined on the extracts b}^ the method of Naftel (16), aliquots of such size 
being used that the quantity of boron actuall^^ determined varied from 
0.5 to 5.O7. 

Preliminary studies as to the suitability of the Naftel (tumeric-oxalic) method 
for this type of study are reported in tables 1 and 2. The extracts used 
were from soils with treatments analogous to those of the samples subse- 
quentty discussed. The data in table I indicate that neither ignition [gas hot 
plate after drying with Ca(OH)2] nor size of aliquot had anj^ appreciable effect 
on the determination of boron by this method. The various aliquot sizes repre- 
sent indirect recovery tests, as well as shovdng the absence of interfering sub- 
stances. The results of further recovery trials are shovn. in table 2, In addition 
to the excellent recoveries of added boron when clear extracts were used, two 
other points are worth}^ of mention. For the extracts containing traces of sus- 
pended clay, the recoveries of added boron are strikingly low. Where no boron 
was added to the extracts, however, the boron determinations on the turbid 
extracts are definitely higher than those on the clear ones. These two phenomena 
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are consistent with other data that will be discussed in connection with the fixa- 
tion studies reported in a later section. 


TABLE 1 


Effects of aliquot size and of ignition on determination of boron by the Naftel method 


SAMPLE NUMBES. 

ALIQUOT OE SOIL 
EXTRACT 

BORON PER 
ALIQUOT 

BORON PER GRAM 

OE SOIL 

IGNITION 


ml. 

7 

7 


80a 

0.5 

1.00 

1 4.00 

+ 

80b 

0.5 

1.05 

4.20 


80c 

1.0 

2.15 

4.30 

4- 

80d 

1.0 

2.10 

4.20 

— 

80e 

2.0 

4.25 

4.25 

■f 

80f 

2.0 

4.10 

4.10 

— 

81a 

2.0 

0.15 

0.15 

__ 

81b 

5.0 

0.38 

0.15 


81c 

10.0 

0.70 

0.14 

— 


TABLE 2 


Effects of suspended material in aqueous extracts of Dunkirk fine sandy loam on determination 

and recovery of boron 


SAMPLE 

NUMBER 

CENTRIFUGED UNTIL 

BORON 

DETERMINED 

BORON ADDED 

TOTAL BORON 
PRESENT 

TOTAL BORON 
FOUND 

RECOVERY 



7 

7 

7 

7 

per cent 

73a 

Clear 

2.60 

2.00 

4.60 

4.70 

102 

73b 

Slightly turbid 

2.80 

2.00 

4.80' 

3,80 

79 

76a 

Clear 

2.70 

2.00 

4.70 

4.70 

100 

76b 

Turbid 

3.00 

2.00 

5.00 

3.60 

72 

2a 

Clear 

0.38 

1.00 

1.38 

1.45 

105 

3a 

Clear 

0.70 

1.00 

1.70 

1.63 

96 


EXPERIMENTAL 

The effect of increasing the number of drying cycles on the fixation of boron 
by the acid-treated soil is shown in figure 1. Series of samples were caried at 
two levels of boron through 0, 2, 5, 11, and 24 drying cycles. The boron ''fixed’^ 
was calculated by subtracting the boron extracted, from the boron originally 
present (extractable native boron plus added boron). The extractable native 
soil boron was 0.09 p.p.m. for the acid-treated soil, 0.05 p-p.m. for the normal 
soil. The boron concentrations are presented in all cases as parts per million of 
soil on a dry-weight basis. The value for 0 number drying cycles was obtained 
by adding the correct amount of boron in the extraction \vater to the soil sample 
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just before refluxing. The sample was then boiled, centrifuged, and carried 
through the regular procedure. These values are indicative of the complete- 
ness with which boron, knovm to be in soluble form, is removed by this extraction 
procedure. The effect of drying on boron fixation was marked. The similarity 
of the two curves indicates the same type of response at different boron levels. 
The curves also indicate, how^ever, a more nearly complete fixation of the low 
level of boron addition than of the high level, for a given number of drjdng cycles. 
The effects of dr^dng and of total time of contact are not differentiated in this 
experiment. 

Results showing the effect of temperature of dr 3 dng on boron fixation are 
presented in figure 2. Each sample contained 11.35 p.p.m. of extractable boron 
at the beginning of the experiment, and the drjdng temperatures used were 26®, 



Fig. 1 Fig. 2 

Fig. 1. Effect of Alternate Wetting and Drying at 85°C. on the Fixation of Boron 
BY Acid-Leached Dunkirk Fine Sandy Loam 
Fig. 2. Effect of Drying Temperature on Fixation of Boron by Acid-Leached 

Dunkirk Fine Sandy Loam 

Samples carried through two cycles of alternate wetting and drying 

55®, and 85® C. The samples were carried through only two drying cycles, which 
probably accounts for the fixation of only 30 to 50 per cent of the boron present. 
Though the effect of temperature is of considerable importance in postulating a 
mechanism of boron fixation, it is apparent that temperature of drying is not so 
critical a factor in determining boron fixation as is the number of drying cycles. 

Since boron deficiency has been associated with liming of soils, a set of samples 
was prepared to determine boron fixation at several lime levels. Each sample 
contained 11.36 p.p.m. of extractable boron at the beginning of the experiment, 
and the lime used was a mixture of CaCOs and MgGOs (25 per cent of the neu- 
tralizing power from the latter) at rates equivalent to 0, 1, 4, and 12.5 tons of 
CaCOs per acre. The lime and boron were added together, and the samples 
carried through five drying cycles. The results of this study, reported in figure 
3, are not in accord with the results and assumptions made on the basis of field 
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studies by most other investigators, since the effect of increasing the lime level 
was to decrease the amount of boron fixed. It is also of considerable interest to 
note that this decrease in fixation is more nearly a straight line function of in- 
creasing soil pH than of increasing lime applications. A similar relationship in 
field soils has been noted in Hawaii (24), where a highly significant relationship 
was found between increasing amounts of available boron and increasing soil 
pH values. 

A more complete study was therefore initiated to determine, at a vdde range 
of boron levels, the effect of varying sequences and combinations of lime and boron 
additions on boron fixation. In figure 4 are presented the results of two series 
of samples in which the variable w’as the presence or absence of lime in the soil 
before boron additions. In series B, dolomite (equivalent to 12.5 tons of lime 
per acre) was mixed with the samples, and the soils were carried through 13 drying 
cycles. Samples of series A were carried through the same 13 drying cycles, but 
without the addition of lime. Boron was then added in varying amounts to the 
samples of both series, and all soils wure carried through another 11 dr^dng c^mles. 
The previously noted effect of lime in decreasing boron fixation is even more 
strikingly evident here [fig. 4 (upper)], where the lime treatment was present 
before the boron was added, than in figure 3, where the lime and boron were 
added simultaneously. [The two lowest levels of boron addition are omitted 
in figure 4 (upper).] In curve A, fixation is apparently a straight-line function 
of the amount of boron present, whereas in curve B there is a vslight tendency for 
the curve to fall off in the higher concentrations. This effect is better illustrated 
in figure 4 (lower), where for each original concentration of extractable boron, 
the percentage of the original concentration which was fixed is recorded. Where 
lime was not present (curve A), approximately 80 per cent of the boron present 
in each sample was fixed, regardless of the magnitude of this original concentra- 
tion. The one exception is the sample in series A to which no boron was added, 
in which case only slightly over 40 per cent of the originally extractable boron 
was fixed during the 24 drying cycles. In curve B of this figure, representing 
the samples in which lime applications preceded the boron additions, an initial 
increase and a subsequent decrease in 'percentage fixation is very clear. An in- 
crease in percentage fixation of boron by soils, with increasing boron concentra- 
tions has also been shown previously (24). 

The rather unusual effect of increased percentage fixation with increased con- 
centration is even better illustrated by the data in table 3. In these series, 
whether lime wns worked into the soil by wetting and drying and then boron wns 
added, or w^hether the boron wns allowed to react with the soil before the lime 
was added, the effects of lime and dolomite wure exactly the same, and the effect 
of initial lime applications to decrease boron fixation at the higher boron levels 
is again to be noted. 

Where lime w^as added after the boron (treatment C), the increase in per- 
centage fixation with increased concentration is more gradual than w^here boron 
W'RS present for 11 dr 3 ing cycles and with no subsequent lime addition (curve A, 
fig. 4, lower). The increase in percentage fixation from 80 per cent to 86 per cent 
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FINAL SOIL pH VALUES 
5 6 7 8 



Fig. 3 




Fig. 3. Fixation of Boron by Acid-Leached Dunkirk Fine Sandy Loam in Relation 
TO Applications of Lime, and to Accompanying Changes in Soil pH 
Lime and boron added simultaneously at the beginning of the experiment; 5 drying cycles, 

85®C, drying temperature 

Fig. 4. Effect op Boron Additions on the Quantitative (Above) and Percentage 
(Below) Fixation of Boron by Acid-Leached Dunkirk Fine Sandy Loam, 

WITH AND without LiMING 

24 drying cycles, 85°C. drying temperature. Lime present (curve B) for all 24 drying 
cycles. Boron additions present (curves A and B) for the last 11 drying cycles 

Fig. 5. Effect op Order op Addition op Boron and Lime on Fixation of Boron by 
Acid-Leached and Normal Dunkirk Fine Sandy Loam 
C, boron additions present for all 24 drying cycles, lime present during last 11 drying 
cycles. D, lime additions present for all 24 drying cycles, boron additions present for 
last 11 drying cycles. 
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(fig. 4, table 3) may be accounted for either by dela3^ed lime additions or by the 
increased number of drying cycles during which boron was present in the soil. 
The increase is of such magnitude that it could readily be accounted for by the 
increased number of drying cycles. 

This point is also subject to examination in the results presented in table 4. 
The comparison of two series of treatments for both acid-treated and normal 
soil shows a definite, but rather small, increase in fi>dng power due to the acid 
treatment. In all samples the boron additions were present for all 24 diying 
cjmles, and there is no evidence of SiXLj increase in fixing power for the series where 
limed additions were made after the thirteenth drying cycle. The increase in 
percentage fixation with increasing boron concentrations for the normal soil 

TABLE 3 

Effect of lime and dolomite on fixation of horon hy acid-leached Dunkirk fine sandy loam 


24 drying cycles, 85®C. drying temperature 


BORON 

PRESENT* 

BORON PIXED 

AVERiVGE 
BORON FIXED 

TREATMENT 

Lime 

Dolomitef 

p.p.m. 

p.p.m. 

p.p.m. 

per cent 


0.09 

0.02 

0.02 

22.2 

C. Boron additions present for all 

0.15 

0.05 

0.06 

36.7 

24 drying cycles; lime present 

0.37 

0.28 

0.27 

74.3 

during last 11 drying cycles 

1.51 

1.29 

1.33 

86.7 


4.35 

3.78 

3.75 

86.6 


11.45 

9.85 

9.95 

86.5 


0.09 

0.02 

0.04 

33.3 

D. Lime additions present for all 24 

0.15 

0.07 

0.07 

46.7 

drjdng cycles; boron additions 

0.37 

0.17 

0.21 

51.4 

present for last 11 drying cycles 

1.51 

0.93 

0.95 

62.3 


4.35 

2.60 

2.55 

59.2 


11.45 

5.75 

5.65 

49.8 



* Native extractable (0.09 p.p.m.) plus added boron. 

t From c.p. carbonates. One-fourth neutralizing power contributed by MgCOs. 


series is far more striking than that for the acid-leached soil, since at the lower 
concentrations there was either no fixation or an actual release (presented as 
negative fixation) of soil boron. The trends, however, are of the same general 
pattern as for the acid soil series. 

The normal and acid-treated soils are further compared in figure 5. The 
data show that whether the treatment was one which produced high or low fixa- 
tion, the two soils were slightly different and stood in the same relation to one 
another, throughout the range of boron concentrations used. 

Although this study was designed to obtain information as to the fate of boron 
additions, a few data were obtained dealing wfith the fixation of native extractable 
soil boron as influenced by the treatments used. These data are presented to- 
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TABLE 4 

Effect of boron additions on boron fixation in acid-leached and normal Dunkirk fine sandy 
loam where no lime ivas applied y or where lime was applied after the thirteenth 

drying cycle 


Boron additions were present in all cases for all 24 drying cycles; 85° C. drying temperature 


BORON PRESENT* 

BORON FIXED 

SOIL 

Lime 

No lime 

p.p.m. 

p.p.m. 

per cent 

p.p.m. 

per cent 


0.09 

0.02 

22.2 

0.05 

55.5 

Acid-leached 

0.15 

0.06 

36.7 

0.07 

46.7 


0.37 

0.27 

74.3 

0.27 

73.0 


1.51 

1.33 

86.7 

1.29 

85.4 


4,35 

3.75 

86.6 

3.75 

86.2 


11.45 

9.95 

86.5 

10.05 

87.8 


0.05 

-0.04 

-80.0 

-0.03 

-60.0 

Normal 

0.11 

0.00 

0.0 

-0.02 

-18.2 


0.33 

0.18 

54.5 

0.14 

42.4 


1.47 

1.19 

80.9 

1.17 

79.6 


4.31 

3.38 

78.4 

3.34 

77.5 


11.41 

9.31 

81.6 

9.21 ! 

80.7 



* Native extractable (0.09 p.p.m. or 0.05 p.p.m.) plus added boron. 


TABLE 5 


Effects of liming and of dry mg on fixation and release of native soil boron by acid-leached and 
normal Dunkirk fine sandy loam 


SAMPLE 

NUMBER 

EXTR.\CTABLE 

BORON 

NUMBER 

OF 

DRYING 

SOIL 

TREATMENT 


Original 

Final 

CYCLES 



1 

p.p.m. 

0.09 

p.p.m. 

0.07 

24 

Acid 

12| T. lime for last 11 dryings 

7 

0.09 

0.07 

24 

Acid 

12| T. dolomite for last 11 dryings 

13 

0.09 

0.07 

24 

Acid 

12| T. lime for all 24 dryings 

19 

0.09 

0.05 

24 

Acid 

12| T. dolomite for all 24 dryings 

25 

0.09 

0.04 

24 

Acid 

None 

49 1 

0.09 

0.05 

24 

Acid 

None 

31 

0.05 

0.09 

24 

Normal 

12| T. dolomite for last 11 dryings 

'37 , 1 

0.05 

0.09 

24 

Normal 

12 ' 2 - T. dolomite for all 24 dryings 

43 

0.05 

0.08 

24 

Normal 

None 

64 

0.09 

0.06 

5 

Acid 

None 

65 

0.09 

0.07 

5 

Acid 

1 T. dolomite for all 5 dryings 

66 

0.09 

0,05 

5 

Acid 

4 T. dolomite for all 5 dryings 

67 

0.09 

0.03 

5 

Acid 

12'| T. dolomite for air5 dryings 
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ge tiler in table 5. In the acid-leached soils, regardless of treatment or number 
of drying cycles, boron fixation occurred but was not of great magnitude. For 
the acid soil samples dried five times and treated with increasing amounts of 
lime, there is a tendency for increased fixation with increased lime level. This 
is the reverse of the analogous series with boron additions (fig. 3) and of all the 
other treatments involving the effect of lime on the fixation of added boron . There 
was an actual release of boron in the normal soil samples, regardless of treatment. 

The question immediately arises as to whether phenomena of an entirely differ- 
ent nature are taking place in the normal and acid-leached soils at the lowest 
levels of boron concentration. This question is answered in part by the cuvres 



BORON PRESENT p.p.m. 

Fig. 6. ffect of Boron Additions on Amount of Boron Extracted from Acid-Leached 
AND Normal Dunkirk Fine Sandy Loam 

Boron additions present for all 24 drying cycles; no lime applications; 85°C. drying 

temperature 

presented in figure 6. The boron additions were present in all cases for all 24 
drying cycles. No lime applications were made. The curves for both soils are 
of the same general shape, and the part of the normal soil curve showing release 
is continuous with the part of the curve representing fixation. The apparent 
equilibrium shift toward smaller percentage fixation at the low^er boron concen- 
trations is also more apparent for the normal than for the acid soil. 

DISCUSSION I 

The wetting and dr3dng treatments used were particularly effective in reducing i 
the amount of hot-water-extractable boron in soils treated with borax. Amounts 
of boron extracted in this way have been found to correlate very well (1, 4) with 
quantities of boron available for plant growth. Since the effect of lime treat- 
ment was, with one exception, to decrease strikingly the amount of boron fixa- i 
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tion, considerable support is given to the school of thought (5, 8, 9, 10, 21) which 
holds that such overliming injury as can be remedied by boron additions is a 
physiological effect, due to a lack of balance in boron and calcium supplies to 
the plant. 

It is also significant to note, in connection with the liming effects reported here, 
that on soils subject to overliming injury, a borax application of 10 or 20 pounds 
per acre will often remain effective for 2 or sometimes 3 years. 

Whether or not overliming injury and boron fixation are shown to be non- 
coincident effects, it will also be necessary from the standpoint of agronomic 
practice to know whether fixed boron eventually becomes available for plant 
growth (as in the case of fixed potassium) and the extent of the time intervals 
involved. 

Another point which seems to merit further investigation b}^ simultaneous 
soil and plant studies is the effect of dr 3 dng on both boron deficiency in plants 
and boron fixation in soils. Boron fixation may be shown to be of particular 
agronomic significance in connection with reports (9, 19, 22, 23) that boron- 
deficienc}^ symptoms are aggravated by periods of dry weather, whereas during 
a ^yet season, crops on the same field will show no evidences of boron deficiency. 
A discrepancy exists, however, since in this study drying was shown to fix large 
amounts of added boron, but not of native extractable boron. Although the 
extractable boron of the acid-treated soils decreased with drying, the extractable 
boron of the normal soils remained the same, or increased, after a number of 
drying cycles. 

The results reported here tend to support the previousl.y suggested (17) mech- 
anism of boron fixation as an actual entrance of boron into the cla.y crystal lattice 
surfaces. The increase in boron fixation, with increased temperatures up to 
85® C., and the large difference in fixation depending on whether the lime was 
added before or after the boron, as well as the effect of increasing the number 
of drying cycles, are not consistent with the concept of fixation by microbiological 
activitj^ Adsorption of boron on organic or clay colloids would be expected to 
conform to the general pattern of adsorption reactions. In these studies, the 
opposite trend was evident, that is, at the lower levels, as boron concentration 
increased, percentage fixation also increased. Chemical precipitation as a 
possible mechanism of boron fixation is not eliminated by the data reported here. 
The importance of the sequence of boron and lime additions in affecting fixation 
is, however, rather difficult to explain on the basis of such a reaction. The 
effects of temperature, number of times of drying, and increase in percentage 
fixation with increase in boron present, are all consistent wdth an actual reaction 
of boron with crystal lattice surfaces. The apparent steric effect of lime additions 
preceding the boron applications is also most readily explained on the basis of 
such a mechanism. 

It will be recalled that in presenting the results of extraction studies (table 2) , 
solutions containing suspended clay and dried as part of the analytical procedure, 
gave high values if no boron was added, and low recoveries wffiere boron w^as 
added to these extracts. It seems quite consistent that in the incubation studies 
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the effect of drying the normal soil was to increase fixation of added boron and 
release of native soil boron where no boron was added. It would, therefore, 
seem likely that the low and high recoveries reported in table 2 (also extracts of 
normal soil) were evidences of boron fixation and release by the clay suspended 
in the soil extracts. 


SUMMARY 

Soil incubation experiments were carried out to obtain further information 
as to the nature of the process of fixation of boron additions. The soils used 
were normal and acid-leached Dunkirk fine sandy loam. 

The variables studied in relation to boron fixation were temperature of drying 
the soil, number of drjdng cycles, amount of lime, type of liming material, amount 
of boron added, and various sequences of boron and lime additions. 

Fixation of added boron varied from none to almost complete fixation with 
increase in number of drjing cycles. Increase in temperature of dr 5 dng from 
26 to 85° C. almost doubled the amount of boron fixation. Lime, added with 
boron, or before boron additions, strikingl}^ decreased the fixation capacity of 
the soils for boron. At the lower levels of boron supply, percentage fixation 
increased as boron concentrations increased. 

The data presented are discussed in the light of the work of other investigators. 
It is concluded that the data obtained tend to support the mechanism of boron 
fixation by entrance into the clay crystal lattice, more than fixation b}^ chemical 
precipitation, adsorption by clay or organic matter, or microbiological fixation. 
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The basic or noxious nitrogen of beets consists primarily of lysine, glutamine, 
arginine, asparagine, and betaine. It is of special importance for the following 
reasons: (a) It tends to concentrate in the molasses, interfering with the crystal- 
lization of the sugars and unsuiting the molasses for human consumption. (5) 
Milk cows fed on products containing large quantities of betaine produce milk 
that develops off-flavors (7, 8). The betaine may be changed to amines that 
directly flavor the milk, or it may be transformed during normal metabolism to 
choline, which may increase the lecithin content of the milk and butter. Leci- 
tliin on hydrol 3 ^sis may give rise to fishy-flavored products, (c) In siloed beet- 
products, toxic substances that do not have the characteristic of botulism toxin 
occasional!}^ develop. Theoretically these toxic substances may result from 
the transformation of betaine into muscarine-like compounds. Where the beet 
products are fed directly, however, they have a special nutritive value. It is 
now knowm, for instance, that animals receiving an insufficient quantity of 
• choline ma}?- develop fatty livers and fail to make a normal gain in body weight. 
In the rat, choline is necessary for normal lactation, and paralytic conditions 
similar to those in Bi avitaminosis may develop if the supply is inadequate. 
In chickens and turkeys perosis may develop in the absence of choline. Choline, 
which can be synthesized from betaine, apparently plays three important roles 
in animal metabolism: (a) It functions in the formation of phospholipids, which 
are vital in fat and phosphorus metabolism; (b) it is essential for the production 
of acetylcholine, which in turn is essential for normal nerve functions; (c) it 
supplies labile methyl groups, which are required. For these reasons it is impor- 
tant that w^e know the quantity and distribution of noxious nitrogen in the 
sugar beet. 


MATERIALS AND METHODS 
Production of beets 

The beet plants used in this investigation were grown on a well-di*ained Mill- 
ville loam soil with a sandy loam subsoil. The permanent wmter table is about 
100 feet below the surface. The chemical and physical composition of the soil 
is similar to that of the adjoining Greenville Experimental Farm soil, which is 
described elsewhere (4). The soil is rich in potassium and phosphorus but com- 
paratively low” in nitrogen. Because of a high content of calcium and mag- 
nesium carbonates, it is slightly basic. 

The soil lies in a productive area and can receive an optimum quantity of 
water; yet because of previous methods of farming without manure or fertilizers, 
the yields have been materially reduced. 
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The beet plants were grown on 1/20-acre plots. The commercial fertilizers 
were applied broadcast to each plot in the spring before the seedbed was prepared 
and were harrowed into the soil. The manure was applied each fall just before 
plowing. 

The fertilizer treatments of the plots were as follows : 

Plot 29, check V 2 , no fertilizer, located between plots supplied with potassium and with 
nitrogen and potassium. 

Plot 36, check Vi, no fertilizer, located between two manured plots. 

Plot 37, manure, 10 tons per acre (1 ton of manure contained approximately 728 pounds 
dry matter, 3 pounds phosphorus, and 16 pounds nitrogen) . 

Plot 38, manure 10 tons, raw rock phosphate 1000 pounds, and sulfur 250 pounds per acre 
(the composition of the manure was the same as that used on plot 37). 

Plot 39, gypsum, 330 pounds per acre. 

Plot 40, nitrogen, 240 pounds ammonium sulfate, 20 per cent N, per acre. 

Plot 41, phosphorus, 350 pounds triple superphosphate, 45 per cent P2O5, per acre. 

Plot 42, potassium, 167 pounds potassium chloride, 61 per cent K2O, per acre. 

Duplicate samples were collected at random and consisted of 17 to 24 beet 
plants each, depending on the number in the plot. The plants were thoroughly 
washed and prepared for analysis as follows: 

Leaves. The leaves were removed, with just sufficient beet adhering to hold 
them together. The leaves were weighed. The adhering crown was cut in two 
across the center, and alternate triangular sections of leaves from circumference 
to center were removed. In this way relative amounts of leaves of all ages were 
obtained. Comparable portions were ground and dry matter was determined; 
the remainder was dried, ground, and preserved for analysis. 

Beets and crowns. The beets were weighed and the crowns removed at the 
lowest leaf scars. The crowns were divided into three sections: Ci, nearest 
the leaves; C3, nearest the beet; and C2, between Ci and C3, as illustrated in 
figure 1. Alternate triangular sections %vere removed from each half of each 
beet. Dry matter was determined on portions of beets and crowns. Other 
portions were dried, ground, and preserved for analysis. 

Methods of analysis 

The noxious nitrogen in the beets, crowns, and leaves was determined (11, 
pp. 200-201) by digesting 32.52 gm. of finely ground product in sugar flasks 
containing 165-170 ml. of distilled water for 15 minutes at 90°C. To this was 
added 13 ml. of a copper hydroxide suspension^ and 3.2 ml. of a 20 per cent solu- 
tion of aluminum sulfate. The mixture was made up to 200 ml. mth distilled 
water and then heated on a water bath for 30 minutes. On cooling it was made 
up to 201 mi. and filtered. This is referred to, as ^Tiltrate F,” 

1 The suspension was prepared as follows: 200 gm. CUSO 4 . 5 H 2 O plus 20 ml, of glycerine 
was dissolved in 10 1. of distilled water, made slightly alkaline with sodium! hydroxide, 
thoroughly shaken, then let stand until the precipitate settled out; the supernatant liquid 
was decanted, and the precipitate washed twice by decantation, filtered off and suspended 
in 2 1. of distilled water. 
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To 50 ml. of filtrate F was added 1.5 ml. of concentrated sulfuric acid. This 
was evaporated on a water bath to a thick syrup and digested with sulfuric acid, 
and its nitrogen was determined by the Kjeldahl method. The resulting nitro- 
gen is referred to as ‘‘A.’’ To 75-mL portion of filtrate F was added 1.5 ml. of 
concentrated sulfuric acid. This was digested for 2 hours at constant volume. 
Magnesium oxide was added, and the ammonia was distilled into 0.1 N acid. 
This represents the ammonia and amide nitrogen, and is designated as 
Then A — B = noxious nitrogen. 



Fig. 1. Division of Sugar Beet Plant into Leaves, Crowns, and Beet 

RESULTS 

Table 1 presents the average percentages of noxious nitrogen in leaves, crowns, 
and beets of sugar beet plants receiving various treatments. Table 2 gives the 
analysis of variance for these data. Since the plot treatments were replicated 
only once, no valid estimate of error exists for testing the significance of the 
treatment effects. Since twu samples Avere selected at random from each plot, 
a valid estimate of error is available for testing the significance of the difference 
in noxious nitrogen from the several locations in the plant. The average dif- 
ference in nitrogen content between plant sections is highly significant as shown 
by the F value of 0.5924/0.0037 which greatly exceeds the tabular value of 
F at P = .01. 

The average percentage of noxious nitrogen was greatest in the leaves, followed 
by the cro'VTOs in order of nearness to leaves. The crown next to the beet was 
lowest in noxious nitrogen, but even this was higher than the beet. 

Although no error is available for testing effect of treatment, it seemed worth 
while to isolate the mean squares for the various treatment effects. The average 
mean square for betw^een treatments was 0.0532 with 7 degrees of freedom. 
Since there were two check plots and six fertilizer treatments, it is possible to 
break down the 7 treatment degrees of freedom into 1 for between checks, 5 for 
between the various fertilizers, and 1 which measures the effect of the average of 
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the checks vs. the average of the fertilizers. This particular breakdown indi- 
cates that the greatest difference lies between the fertilizers, as shown by the 
relatively high mean square for the 5 degrees of freedom in table 2. Although 

TABLE 1 

Percentage of noxious nitrogen in leaves, crowns, and beets of sugar beet plants receiving 

various fertilizer treatments 


NOXIOUS NITROGEN CONTENT 


PLOT 

TREATMENT 

Leaves 

Crown Section j 

Beet 

Average 



Cl 

C2 

Cz 

29 

Check Vs 

.62 

.46 

.28 

.21 

.16 

.35 

36 

Check Vi 

.57 

.41 

.33 

.22 

.15 

.34 

37 

Manure 

.68 

.47 

.41 

.36 

.19 

.42 

38 

Manure 

Phosphorus 

Sulfur 

.86 

.44 

.41 

.38 

.21 

.46 

39 

Gypsum 

.72 

.67 

.31 

.21 

.27 

.44 

40 

Nitrogen 

.88 

.46 

.36 

.30 

.18 

.44 

41 

Phosphorus 

.50 

.34 

.28 

.21 

.13 

.29 

42 

Potassium 

.53 

.28 

.24 

.20 

.11 

.27 

Average of checks 

.60 

.44 i 

.31 

.22 

.16 

.35 

Average of fertilized 

.70 

.44 

.33 ’ 

.28 

,18 

.39 

Average of manured and nitro- 
gen-fertilized 

.81 

.46 

.39 

.35 

.19 

.44 

Average of nonmanured and 
nonnitrogen fertilized 

.59 

.43 

.29 

.21 

.16 

.34 


TABLE 2 

Analysis of variance for data in table 1 


SOURCE OF VARIATION 

DEGREES OF FREEDOM 

MEAN SQUARE 

Between locations in the plant 

4 

0.5924 

Between samples 

40 

0.0037 

Between treatments 

7 

0.0532 

Between checks 

1 1 

0.0006 

Between fertilized 

5 

0.0680 

Check vs. fertilized 

1 

0.0313 

Treatment X location in the plant 

28 

0.0097 

Between checks 

4 

0.0020 

Between fertilized 

20 

0.0123 

Check vs. fertilized 

4 

0.0040 

Total...... 

79 



this. evidence is far from conclusive, it would suggest that in a replicated experi- 
ment, it may be possible to demonstrate significant differences in levels of noxious 
nitrogen in the sugar beet plant owing to fertilizer treatment of the soil in which 
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the beets are grown. If one observes the mean values in table 1 for the various 
fertilizers, it is obvious that this relatively large mean square for between ferti» 
lizers is due to the relatively low values of nitrogen on plots 41 and 42, compared 
with the high average values on plots 37, 38, 39, and 40. 

The interaction between treatment and location in the plant measures the 
failure of the treatment to have the same effect on the nitrogen content of 
samples from the various locations of the plant. Twenty-eight degrees of free- 
dom are available for this comparison, but again mthoiit replication of the 
treatments, no valid estimate of error exists to determine whether or not the 
effect is significant. The mean square is rather low, however, a fact which indi- 
cates that the treatment has had the same effect on the percentages of nitrogen 
in the various parts of the plant. These 28 degrees of freedom can also be 
broken dowm into three parts ndth corresponding divisions of the mean square 
as shown in table 2. 

The average noxious nitrogen in all sections of the beet plants including the 
leaves is higher in the plants grown with nitrogen fertilizers than in those grown 
wfithout fertilizers. 


TABLE 3 


Average noxious nitrogen content of heels of various sizes 


AVERAGE WEIGHT OF BEET 

RANGE OF NOXIOUS NITROGEN 

IN BEET 

AVERAGE OF NOXIOUS NITROGEN 

IN BEET 

gm. 

Per cent 

per cent 

400 to 500 

0.13-0.36 

0.23 

500 to 600 

0.13-0.25 

0.18 

600 to 700 

0.12-0.23 

0.16 

Above 700 

0.12-0.19 

0.15 


The tendency for the noxious nitrogen of the beet to vary wfith the fertilizer 
used has been found by other workers (2, 3, 9, 10, 12). The degree of maturity is 
probably a greater factor, however, for these workers found that, as beets 
mature, the percentages of noxious nitrogen tend to decrease. Briem (1) and 
Herke (5) do not agree on the relationship of the size of the beet to noxious nitro- 
gen content. Our data on this phase of the subject are given in table 3. As 
the size of the beet increased the percentage of noxious nitrogen in the beet 
decreased. The quantity is comparatively high in very small beets and de- 
creases as the beets become larger. 

The average percentage distribution of the dry matter and noxious nitrogen 
in the crown sections and in the beets is given in table 4. 

Although the percentage of noxious nitrogen is lowest in the beets, 86.18 per 
cent of the total is contained in the beet and only 4.07 per cent in the crown next 
to the leaves. The quantity increases slightly as the crown approaches the beet. 

Table 5 shows the noxious nitrogen content, in pounds per acre 3deld, in the 
various sections of the beet plants. 

The fertilizers increased the total number of pounds of noxious nitrogen occur- 
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ring in the various beet plant sections. This was due primarily to an increased 
yield of dry matter. In the beets, the noxious nitrogen was greatest where 
manure was applied to the soil and least where potassium was the fertilizer used. 

TABLE 4 


Percentage distribution of dry matter and noxious nitrogen in crown sections and in beet 

of sugar beet plants 






CROWN SECTION 



BEETS 

PLOT 

TREATlffiENT 

Cl 

■ C2 

C 

3 

Dry 

matter 

Noxious 

nitrogen 



Dry 

matter 

Noxious 

nitrogen 

Dry 

matter 

Noxious 

nitrogen 

Dry 

matter 

Noxious 

nitrogen 

29 

Check V 2 

1.89 

5.35 

2.77 

4.17 

3.21 

3.96 

92.12 

86.52 

36 

Check Vi 

1.49 

3.87 

2.45 

5.08 

3.16 

4.24 

92.90 

86.80 

37 

Manure 

1.84 

3.79 

2.85 

5.18 

3.63 

5.81 

91.67 

85.20 

38 

Manure 

Phosphorus 

Sulfur 

2.23 

4.32 

3.37 

5.92 

4.96 

8.08 

89.45 

81.68 

39 

Gypsum 

1.77 

4.32 

2.61 

2.81 

3.47 

2.65 

93.21 

90.22 

40 

Nitrogen : 

1.74 

4.07 

2.45 

4.68 

3.73 

5.80 

92.08 

85.46 

41 

Phosphorus 

0.96 

2.44 

1.65 

3.44 

2.41 

3.69 

94.97 

90.42 

42 

Potassium 

1.92 

4.43 

2.88 

5.71 

4.07 

6.71 

91.13 

83.14 

Average 

1.73 

4.07 

2.63 

4.62 

3.58 

5.12 

92.19 

86.18 


TABLE 5 

Noxious nitrogen in leaves, crowns, and beets 


In pounds per acre yields under various fertilizer treatments 


PLOT 

TREATMENT 

NOXIOUS NITROGEN 

Leaves 

Crown Section j 

Beet 

Cl 

C2 

C3 

29 

Check V 2 

6.0 

0.5 

0.4 

0.4 

8.1 

36 

Check Vi 

5.4 

0.3 

I 0.4 

0.4 

6.9 

37 

Manure 

17.2 

0.8 

1.1 

1.2 

17.8 

. 38 

Manure 







Phosphorus 







Sulfur 

23.5 

0.9 

1.1 

1.7 

17.4 

39 

Gypsum 

8.2 

0.6 

0.3 

0.3 

11.9 

40 

Nitrogen 

13.0 

0.4 

0.5 

0.5 

S.4 

41 

Phosphorus 

7.4 

0.3 

0.4 

0.7 

10.8 

42 

Potassium 

8.9 

0,3 

0.4 

0.5 

5.8 

Average of checks... 

5.7 

0.4 

0.4 

0.4 

' 7.5 

Average of fertilized.. 

13.0 

0.6 

0.6 

0.8 

12.0 

Average of all treatments 

11.2 

0.5 

0.6 

0.7 

10.9 


Lyasko (6) found that the noxious nitrogen constituted approximately one 
third of the total nitrogen of the sugar beet and that 90 per cent of it passed 
into the molasses. According to our work 29.7 per cent of the total nitrogen in 
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the beet is noxious nitrogen; 35.0 per cent in crown section C 2 ; 32.4 per cent in 
crown section C3; and 35.7 per cent in the leaves. Hence the noxious nitrogen 
in the various sections of the sugar beet plant approximates one third of the 
total. The leaves carry slightly more than the other sections of the plant. 
Little is gained, so far as the exclusion of noxious nitrogen is concerned, by top- 
ping beets at the lowest leaf scar, and it is probable that the loss of sugar is 
great. 

The average total quantity of noxious nitrogen occurring in the crowns of the 
unfertilized plants approached a constant of 0.4 pound per acre yield. In crown 
section C 3 of the fertilized beets this was 0.8 pound. Hence the total number of 
pounds of noxious nitrogen found in the leaves is approximately 10 times that 
in the three crown sections and is approximately equal to that in the beets. A 
considerable portion of this noxious nitrogen is betaine, which may give to beet 
products special value as feed for hogs, beef, sheep, chickens, and turkeys. This 
same noxious nitrogen may render beet products objectionable as feed for milk 
cows, inasmuch as betaine and related compounds may give rise to off-flavors 
in the milk and cream. 


SUM]\'IARY 

The percentage of noxious nitrogen in sugar beet plants varies with the plant 
section. It is highest in the leaves, lowest in the beet, and intermediate in the 
crown. Although not conclusive, the data pointed to the conclusion that 
fertilizers increase the noxious nitrogen of the various sections of the plant. 

The total quantity of noxious nitrogen contained in the beet sections, pro- 
duced on 1 acre of soil, varied from 0.4 pound in the beet crowns to 11 pounds 
in the beets, as an average. The leaves carried an average of 10 pounds. These 
values varied widely, depending on the fertilizer treatment. 

The percentages of total nitrogen occurring as noxious nitrogen in the various 
sections of sugar beet plants varied from 28 in crown section Ci to 35.7 in the 
leaves. 

Beet crowns and leaves, because of the quantities of betaine which they contain, 
probably have special nutritive value when fed to hogs, beef, sheep, chickens, 
and turkeys, but the betaine content may unsuit them as feed for milk cows. 
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The fertilizer industry had its beginning in the acidulation of bones, but its 
development has come from the processing of rock phosphate. Both materials 
have been used extensively as fertilizing phosphates in raw form. It was long 
assumed that the chief distinction between these two materials was one of phos- 
phate concentration, and the rock was evaluated on the basis of the computed 
content of “bone phosphate of lime.’’ This misconception prevailed, although 
the superiority of ground steamed bone over pulverized rock phosphate had 
been demonstrated conclusively in field trials. Now, however, it is knovm that 
the relative insolubility of continental rock phosphates is due to the fact that 
they are essentially geochemical formations of apatite, or fluorphosphate ( 8 ). 
Bartholomew (2, 3) compared island and continental rocks of variant fluorine 
content in an effort to correlate such content and P 2 O 5 availability in soils of 
variant degree of acidity. 

The fluorides, split off from the apatite of rock phosphate during the manu- 
facture of superphosphate, are retained in large part and were deemed non - 
reactant in subsequent processings. It has been established, however, that they 
revert to fluorphosphatic combination in alkaline S 3 ^stems and may induce 
“reversion,” when superphosphates are either ammoniated or processed with 
liming materials or with defluorinated rock phosphate calcines (1, 7, 14, 15, 
16, 17, 18, 19). 

THERMAL DEFLUORINATION OP ROCK PHOSPHATE 

The extensive studies conducted in the laboratories of the U. S. Department 
of Agriculture demonstrated that near-complete defluorination of rock phosphate 
can be effected under certain conditions in the temperature range of 1375-1425^0. 
and that the resultant calcine has a high degree of P 2 O 5 availability (9, 10, 11, 
12, 21, 22, 23, 24, 25). Those researches revealed much as to the conditions that 
promote fluorine removal and convert apatite to a highly available tertiary phos- 
phate. Unfortunately, however, the calcination process has not been imple- 
mented commercially. 

The concept that the apatite of rock phosphate can be transformed to a readily 
dissolvable tertiary phosphate through defluorination of the molten rock was 
developed and implemented by the Department of Chemical Engineering of the 

1 A study conducted at the University of Tennessee Agricultural Experiment Station 
in collaboration with the Tennessee Valley Authority, Department of Agricultural Rela- 
tions. Presented under similar title at the September 1943 meeting of the Soil Science 
Society of America, and release obtained. 
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Tennessee Valley Authority (5, 6). A fused-quenched product of proved ferti- 
lizer value and admissible as a supplement in livestock feeding is obtained by the 
near-complete defluorination of rock phosphate in large-scale operations with 
both electric and fuel-heated shaft furnaces at Wilson Dam. A tolerance of 
about one-eighth of the initial fluorine content, however, admits of the production 
of an effective phosphatic fertilizer at cost considerably below that of complete 
defluorination. The Authority therefore sought from cooperative agencies 
information and advice as to the influence of particle size and of degree of de- 
fluorination upon the fertilizer value of the fused tricalcium phosphate. Ex- 
ploratory greenhouse tests indicated that the product should be ground to pass 
at least a 50-mesh screen. Since the pot culture comparisons of the present re- 
port were directed to the effects of degree of defluorination, the fused-quenched 
phosphates of variant fluorine content used were all of less than 100-mesh. 

designation for quenched defluorinated fusions op rock phosphate 

In the fusion of rock phosphate by the T.V.A. process, the component apatite 
is disrupted and a substantial expulsion of fluorine ensues. It will be shown that 
the formation of tricalcium phosphate is governed by degree of defluorination. 
The defluorinated molten draw is quenched, and the resultant glass-like material 
is chiefly the alpha form of tricalcium phosphate. In physical characteristics, 
the quenched material is as different from raw rock as coke is from coal. It is 
also decidedly different from a defluorinated calcine of rock phosphate, in that 
it can be used to enrich ordinary superphosphate without causing loss of P 2 O 6 
availability, whereas an admixture of the defluorinated powdery calcine induces 
substantial percentage reversion. This difference in compatibility has been 
ascribed to difference in degree of subdivision (4, 17, 18). 

Fusion without defluorination imparts no fertilizer value, and the T.V.A. 
product is not merely Effused rock phosphate.^’ That expression and ^^de- 
fluorinated rock phosphate’’ are no more applicable to the Authority’s product 
than would be the designation ''acidulated rock phosphate” for superphosphate. 
The inclusion of the expression "rock phosphate” in the designation of the new 
product is deemed inexact and misleading and, therefore, inappropriate. The 
designation "fused calcium phosphate” could be applied to other phosphatic 
materials and therefore is not adequately specific. The term "fused tricalcium 
phosphate” is truly descriptive and therefore is advocated. 

EXPERIMENTAL 

The several experimental phosphates were subjected to chemical, microscopic, 
and x-ray examinations, to Neubauer tests, and to trials in pot cultures of un- 
limed, limestoned, and dolomited soils. 

Chemical analyses 

The partial analyses of the five control phosphates, of the raw rock and its 
undefluorinated melt, and of eight quenched fusions^ of variant degree of de- 

2 For brevity, the term will be used to connote the quenched products of variant 
degrees of defluorination induced by the fusion of brown rock phosphate. 
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fluorination are given in table 1. The dense product obtained by the mere melt- 
ing of the rock was less soluble than the raw rock in ammonium citrate. The 
effect of degree of defluorination is reflected by the progressive increase in citrate 
solubility from the minimum of 3.5 per cent for the merely fused material to the 
maximum of 88 per cent for the completely defluorinated product. The citrate 
solubility of the fused bone, and also that of the fused tricalcium phosphate de- 
rived from the mixture of limestone and H3PO4, were less than that of the rock 
fusion that contained 0.29 per cent of fluorine. 

Evaluation of fused tricalcium phosphate hy citrate digestion 

The fused tricalcium phosphate has not been produced commercially; it has 
not been defined, and no ‘'ofSciaF^ procedure has been prescribed for its analytical 
evaluation. A true tertiary phosphate is relatively soluble in an adequate 
volume of the conventional neutral citrate of 1.09 sp. gr. and pH of 7. Obvious- 
ly, however, it is untenable and inadmissible to measure the solubility of a full 
1-gm. charge of any tertiary form of calcium phosphate by the solid-to-solvent 
proportion prescribed for the digestion-extraction of those phosphates that re- 
main after the prescribed aqueous extractions of commercial fertilizers. The 
citrate solution is used to remove any water-insoluble phosphates generated by 
either processing or analytical washing and is relatively inert upon the small 
quantity of imdissolved rock residues occurring in well-made fertilizers. Only 
small fractions of the total PsOs content of the acidic fertilizers, therefore, are sub- 
jected to the dissolvent action of the citrate. In contrast, a digestion of a 1-gm. 
charge of fused phosphate imparts a substantial calcium content and alkalinity 
to the citrate solution, with resultant diminution in its effectiveness as a solvent. 
A single citrate digestion of a fused tricalcium phosphate can be considered as 
analogous to the aqueous extraction prescribed as preparatory to the citrate 
digestion of the water-insoluble content of superphosphates and mixed fertilizers. 
A successive citrate digestion, therefore, would be upon an analytical residuum 
more like the one encountered when an anatytical charge of a processed fertilizer 
is subjected to the prescribed aqueous extraction. When subjected to two citrate 
digestions, a substantially defluorinated fusion registers a P2O5 availability 
approximating that of superphosphate. 

When the residuum from a citrate digestion of a 1-gm. charge of the 100-mesh 
undefiuorinated quenched rock-fusion was likewise digested, the “availability’’ 
value by the two digestions became 6.7 per cent, as against 3.5 per cent for a 
single digestion. Corresponding dual digestions of the completely defluorinated 
fusion, S-963, brought a percentage availability of 98.6 per cent instead of the 
87.9 per cent value registered by a single digestion. 

The determination of citrate-solubility of the defluorinated fusions is affected 
by particle size and by weight of the charge, whereas these factors are of minor 
import in the determination of the percentage solubility of the recalcitrant apa- 
tite of both raw rock phosphate and its undefluorinated melt. When the 100- 
mesh fused material of 3.3 per cent fluorine content was ground finer than 300- 
mesh— the fineness of raw rock “floats”^ — citrate solubility was increased only 
2.3 :per'^cent.'. ^ ■ ■ 
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Evaluation of the fusions hy carbonated water extraction 

Since carbonated water is the dominant solvent in soil systems, it was used 
as an index of solubility in relation to degree of defluorination. Charges of the 
fusions listed in table 1 were weighed into Erlenmeyers, and distilled water, 
carbonated at 5°C. to 0.03362 normality, then w^'as introduced, the proportion 
being 0.5 gm. per liter. The flasks were sealed and their contents agitated 
end-over-end 2 hours in an insulated chamber at the mean temperature of 15°C. 
The solution-suspensions then were filtered and P 2 O 6 contents of the filtrates 

TABLE 1 


Partial analysis of the several phosphatic materials 


PHOSPHATIC MATERLIL 

P 2 O 5 

CaO 

FLUORINE 

Lab. no. 

Type 

Total 

Citrate- 

insoluble* 

Available 



Per cent 

Per cent 

per cent 

per cent 

per cent 

S-725 

Triple superphosphate 

51.2 

1.7 

96.7 

21.74 

1.63 

P-679 

Monocalcium 

55.6 

0.05 

99.9 

21.41 

! 0.02 

S-983 

Dicalcium 

50.9 

0.30 

99.4 

41.04 

0.013 

S-819 

Bone, fused, quenched 

37.8 

11.1 

70.7 

54.38 

0.008 

S-855 

Tricalcium, fused, quenched 

45.4 

12.4 

72.7 

51.84 

0.04 

S-816 

Raw brown rock phosphate 

33.6 

30.5 

9.3 

45.0 

3.45 

S-818 

‘Tusion” 

34.4 

33.2 

3.5 

49 . 3 

3.3 

S-849 

^ fusion’' 

25.8 

21.4 

17.1 

46.4 ’ 

1.25 

S-S54 

^‘Fusion” 

30.9 

18.1 

41.4 

42.2 

0.86 

S-861 

'‘Fusion” 

27.9 

17.8 

36.2 

48.2 

0.7 

S-96S 

"Fusion” 

29.5 

11.9 

59.7 

43.2 

0.52 

S-S59 

"Fusion” 

28.5 

10.6 

62.8 

45.5 

0.4 

S-964 

"Fusion” 

29.1 

7.4 

74.6 

43.4 

0.29 

S-847 

"Fusion” 

25.0 

4.0 

84.0 

39.8 

0.06 

S-963 

"Fusion” 

28.9 

3.5 

87.9 

43.2 

0.00 


By 1-hour digestion of 1-gm. charge, with agitation at 5-minute intervals, in ammo- 
nium citrate solution of sp. gr. 1.07, pH of 7. 


determined. The results are shown in figure 1. The maximal extraction was 
from the completely defluorinated fusion and accounted for 44.6 per cent of total 
P 2 O 6 content, or one half of the extraction effected by the citrate digestion, where- 
as the extraction from the undefluorinated melt was slightly less than that from 
the raw rock. Defluorination to a 1.25 per cent fluorine content constituted a 
62 per cent removal, but the resultant increase in P 2 O 6 extraction was less than 
10 per cent of the extraction from the completely defluorinated fusion. Between 
the points that connote fluorine removals of 62 and 100 per cent, the curve ap- 
proached a straight line. The parallel between degree of defluorination and 
progression of solubility in a solvent as weak and dilute as carbonated water indi- 
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cates that defluorination beyond 80 per cent affords an effective pliospliatic 
fertilizer. 


X-rdy powder diffractions of fusions 

The x-ray diffraction patterns of the fused phosphates of table 1 and of figure 
2 were made by use of a Machlett copper target tube operated 4 hours at 35 kv. 





I 



Fig. 1 . Effect of Degree of Defluorination of Rock Phosphate Fusions on 
Progression in P2O5 Solubility in Two Solvents 

and 13 milliamps in the Hayes diffraction unit. A nickel filter was employed to 
obtain the characteristic Ka radiation, X = 1.539 A. Duplitized nonscreen Agfa 
film was used in twin cameras of circular type and 7-cm. radius, which were 
calibrated against known spacings of sodium chloride and of calcite. The follow- 
ing results were obtained. 

The raw rock, of 3.45 per cent fluorine content, and its melt that contained 


} 
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3.3 per cent of fluorine, gave strong fluorapatite patterns, identical with the 
pattern from the Canadian apatite. Fusion S-849, of 1.25 per cent fluorine 
content, gave a fluorapatite pattern, the lines of which were less intense than 
those of the raw rock and those of its undefluorinated melt. This intensity 
decrease indicates the advent of a “glassy’’ component. Fusions S-854 and S- 
861, of respective fliidrine contents of 0.86 and 0.7 per cent, developed the arrow- 
demarcated lines for proximate proportions of 25 and 75 for a:-Ca3(P04)2 and 
apatite. Fusions S-968 and S-859, of 0.52 and 0.4 per cent fluorine content, 


Canadian Raw brown Quenched fusions of rock phosp^te 

fluorapatite rock phosphate S-S18 S-849 S-854 S-861 

3.26 3.45 3.3 1.25 0.86 0.7 



Quenched fusions of rock phosphate 

¥4)68 S-S59 S-904 S-847 S-m 

0-52 0.4 0.29 0.06 0.00 Alpha— Ca3(P0-i)2 



Fig. 2. Relation of Degree of Defluorination to the Formation of Alpha Trical- 
cium Phosph.\te, as Registered by X-Ray Powder Diffraction 
Numerals 3.45 to 0 connote percentage of fluorine content 

respectively, developed line intensities that indicated a-Ca3(P04)2, and CaioFa- 
(P04)6 in proximate proportion of 80 and 20. Fusion S-964, of 0.29 per cent 
fluorine content, yielded a good pattern of Q:-Ca3(P04)2, with line weakness indica- 
tive of occurrence of some “glassy” material, probably calcium silicate. Fusions 
S-847 and S-963, of only 0.06 and 0 per cent fluorine content, respectively, gave 
patterns identical with the patterns of the Ca3(P04)2 control fusion derived from 
a mixture of limestone and H3PO4. The line intensities of alpha tricalciiim phos- 
phate increased gradually and those of the fluorphosphate decreased in relation 
to degree of defluorination. 
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Optical characterisUcs of fusions 

The optical characteristics of fusions of maximal, intermediate, and minimal 
fluorine content were determined by means of the immersion technic, with white 
light and with crossed Nicols. Although the unfused mineral apatite and the 
undefluorinated fusion, S-818, gave patterns virtually identical, their .refractive 
indexes differed slightly. The particles of the undefluorinated fusion were ag- 
gregates of long needle-like crystals, characterized by parallel extinction and low 
first-order interference colors. The fusion of 1.25 per cent fluorine content 
showed three distinct types of particles — (a) aggregates of needle-like crystals 
identical with those of the undefluorinated fusion, (5) aggregates of irregular 
crystals of anisotropic material, and (c) needles as in (a) in a ground mass of 
(5). The fusion of 0.85 per cent fluorine content showed two distinctions — (a) 
the needles present in undefluorinated fusion, and (b) material similar in external 
appearance to the crystal aggregates occurrent in the fusion of 1.25 per cent 
fluorine content. The fusion of 0.06 per cent fluorine content was composed of 
irregularly shaped homogeneous anisotropic aggregates. 

P 2 O 5 uptake from fusions'^ in Neubauer tests 

The results of table 2 show the influence of degree of defluorination upon the 
uptake of P2O5 from 25-mgm. additions in two soils, unlimed and liniestoned at 
two rates. 

Enhancement in uptake from Hartsells fine sandy loam was virtually identical 
for the superphosphate, fused bone, fused tricalcium phosphate, and the fusion 
that contained only 0.06 per cent of fluorine, whereas the uptake from the raw 
rock, and also that from the undefluorinated melt, was virtually nil. The addi- 
tion of CaCOs at the 1500-pound rate increased the uptake from the superphos- 
phate and did not affect the uptake from the fused tricalcium phosphate or that 
from the fusion that contained only 0.06 per cent of fluorine. The heavier rate 
of liming repressed the P2O5 uptake from the several forms of tertiary phosphate, 
but did not repress the uptake from the superphosphate. In general, the fore- 
going effects were registered likewise by Fullerton silt loam, which has been found 
sensitive to liming rates other than moderate. On both soils, increase in P2O5 
uptake from the fusions was parallel with increase in degree of their defluorina- 
tion. 

Plant response and recoveries in pot cultures 

The influence of degree of defluorination upon plant response and upon P 2 O 5 
recovery was determined by three experiments with the two representative 
Tennessee soils, Hartsells fine sandy loam from the Cumberland Plateau and 
Fullerton silt loam of the Appalachian Valley, used in the previous experiment. 
Flartsells is a well-drained soil derived from sand-stone, with a depth of 3 to 4 
feet to parent rock. The uneroded surface soil is usually yellowish gray and 
about 10 inches deep. The subsurface soil of about 20 -inch depth is either very 
fine sandy loam or friable yellow clay loam. Uneroded Fullerton is a brownish 
gray soil of dolomitic origin and contains cherty fragments to a depth of 8 to 12 
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inches. The subsurface soil is either yellowish or light red silty clay loam of 
about 30-inch depth. 

Incorporations of K2SO4 were made in every experiment, and every nonlegume 
crop received top-dressings of ammonium nitrate. All rates are expressed in 
terms of per acre surface and the solid materials were incorporated with the upper 
3 inches. All water-insoluble phosphatic materials and the limestone and 
dolomite incorporations were finer than 100 mesh. 

Experiment L A preparatory, or “robber,’’ crop of Sudan grass was gvomi 
30 days before the incorporation of the phosphates and K 2 SO 4 . This was done 
to deplete the supply of phosphorus, to allow opportunity for the limestone and 
dolomite to react with the acidic soils, and to allow the sifted aerated soils to re- 


TABLE 2 

Effect of degree of defluorination of quenched fusions* of brown Tennessee rock phosphate 
upon uptake of P 11 O& in Neubauer tests 


PHOSPHATIC MATERIAL 


P 2 O 5 UPTAKE PER 100 GM. OF SOILf 


Lab. no. 

Type 

Hartsells fine sandy loam | 

Fullerton silt loam 

XJnlimed 

Limestonedt 

Unlimed 

Limestonedt 

1500 lbs. 

3000 lbs. 

1000 lbs. 

2000 lbs. 



mgm. 

mgm. 

mgm. 

mgm. 

7ngm. 

mgm. 


None 

-0.4 

0.2 

0.3 

0.3 

0.5 

-0.2 

S-725 

Triple superphosphate 

7.2 

8.3 

8.8 

9.6 

11.2 

10.5 

S-819 

Fused bone 

7.5 

2.5 

1.2 

1 9.7 

6.5 

2.2 

S-865 

Fused tricalcium 

7.5 

7.5 

4.7 

10.4 

8.8 

6.7 

S-816 

Raw rock§ 

0.4 

0.1 

0.9 

1.4 

0.1 

0.7 

S-818 

‘‘FusioiFS 3.3% F 

0.4 

1.1 

1.1 

1.3 

0.7 

1.3 

S-849 

^Fusion”, 1.25% F 

1.7 

2.4 

2.8 

2.5 

2.1 

2.4 

S-847 

“FusioiF’, 0.06% F 

7.3 

7.4 

5.8 

9.1 

9.3 

7.3 


* Less than 100 mesh, 
t Net uptake from additions of 25 mgm. 
t Aging period of 10 daj^s between additions and seeding. 
§ Less than 300 mesh. 


turn to more normal condition. The “robber” crop then was harvested and the 
upper 3-inch zone of soil was removed and treated with the several phosphates 
and K2SO4, at respective rates of 40 and 150 pounds of P2O5 and K2O. The initial 
fertilized crop was seeded in August, 1940. Immediately after the harvesting of 
this crop the upper 3-inch zone of every pot was removed, conditioned, and re- 
turned to the pot mthout further additions. The second seeding of Sudan grass 
then was made and the resultant crop w^as harvested January, 1941. Plant 
responses to four of the fusions are pictured for the Hartsells and Fullerton soils, 
respectively, in figures 3 and 4, and all P 2 OS recoveries are given in tables 3 and 4. 

In most cases best response on the Hartsells soil was by the crop sown im- 
mediately after the incorporation of the phosphates, and, in general, the phos- 
phate most effective on the initial crop proved to be most effective on the second 
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crop. The undefluorinated fusion of the rock phosphate exerted no effect upon 
either plant growth or P2O5 recovery. In contrast, plant responses to, and also 
P2O5 recoveries from, the fused product of 0.06 per cent fluorine content and the 
superphosphate were similar on the Hartsells soil limes toned at the 1500-pound 
rate, whereas the fused bone and the fused tricalcium phosphate control were 
less effective in both respects. 

On the Hartsells soil limestoned at the rate of 3000 pounds, all of the phos- 
phates, including superphosphate, were less effective, the response of the first 
crop to the fusion of 0.06 per cent fluorine content being only about half of that 

TABLE 3 


Yields and P 2 O 5 recoveries from 100-mesh “fusions^’ and controls on limestoned and dolomited 

Hartsells soil — Experiment I 


PHOSPHATES 

LIMESTONE- 

—1500 LBS. 

LIMESTONE- 

-3000 LBS. 

DOLOMITE- 

-3000 LBS. 




Sudan 

Total, 

Sudan 

Total, 

Sudan 

Total, 




grass 

2 crops 

grass 

2 crops 

grass 

2 crops 



Fluo- 




*2 




X! 




X 

Lab. no. 

Type 

rine 

con- 

tent 



[3) 

> 

0 

<u 




> 

0 

2 



.Sf 

'S 

2 

di 

1 




0 

U 

0 * 

0 

0 

P 

9 

p 

0 

CJ 

2 

0 

Q 

q 

0 

CJ 

2 

u 

b 

P 

Pm 



Per 

cent 

gtn. 

gm. 

gnt. 

per 

cent 

gm. 

gm. 

gm. 

per 

cent 

gm. 

gni. 

gm. 

per 

cent 


None 


3.7 

2.4 

6.1 


3.3 

3.1 

6.4 


4.8 

3.1 

7.9 


S-726 

Triple superphos- 

1.63 

16.3 

4.4 

19.7 

22 

13.3 

6.3 

19.4 

25 

24.9 

6.3 

31.2 

30 


phate 














S-819 

Bone, fused 

0.008 

11.4 

5.4 

16.8 

17 

7.3 

7.1 

14.4 

16 

17.4 

7.4 

24.8 

25 

S-855 

Tricalciiim, fused 

0.04 

13.3 

4.9 

18.2 

19 

6.4 

5.7 

12.1 

14 

16.9 

7.9 

24.8 

27 

S-816 

Raw brown rock 

3.45 

3.6 

2.5 

6.1 

nil 

3.8 

3.4 

7.2 

1 

5.6 

3.2 

8.8 

2 

S-818 

‘Tusion” 

3.3 

3.1 

1.9 

5.0 

nil 

3.5 

4.7 

8.2 

2 

5.0 

3.7 

8.7 

1 

S-849 

“Fusion” 

1.25 

5.1 

2.2 

7.3 

2 

5.2 

5.2 

10.4 

6 

7.3 

4.7 

12.0 

5 

S-854 

“Fusion” 

0.86 

11.3 

3.1 

14.4 

11 

5.2 

4.5 

9.7 

8 

17.8 

5.6 

23.4 

19 

S-847 

“Fusion” 

0.06 

15.7 

5.2j20.9 

21 

6.7 

8.415.1 

20 

15.9 

8.7 

24.7 

27 


to the superphosphate. Plant response and P2O5 recovery again w^ere governed 
by the extent to which the fusions were defluorinated. The second-crop yields 
and P2O5 recoveries from superphosphate were less than those registered by the 
initial crop. 

On the Hartsells soil, dolomite proved more efficacious than limestone in the 
promotion of growth and in P2O5 recovery, when used alone as well as with all 
of the phosphates. The top response and the highest recovery on the dolomited 
soil were from the superphosphate. Aggregate yields were virtually the same 
from the additions of fused bone, fused tricalcium phosphate control, and the 
rock fusions of 0.86 and 0.06 per cent fluorine content. 


434 


MaCINTIEB, 'WINTERBERG, hatcher, and palmer 


On the Fullerton soil, as on the sandy Hartsells soil, plant response and P 2 O 5 
recovery from the fusions were governed by degree of defluorination. On the 
unlimed Fullerton soil, the fusion of 0.06 per cent fluorine content proved as 
effective as superphosphate, whereas the fused bone and the fused tricalcium 

TABLE 4 


Yields and P2O5 recoveries from 100-mesh “fusions'’ and controls on Fullerton soil, unlimed, 
limestoned, and dolomited — Experiment I 


PHOSPHATES 

SUDAN 

GRASS 

TOTAL, : 

2 CROPS 

SUDAN GRASS 

TOTAL, 2 CROPS 

Lab. no. 

Type 

Fluorine 

content 

Crop 1 

Crop 2 

Dry 

weight 

P 2 O 5 re- 
covered 

Crop 1 

Crop 2 

Dry 

weight 

P 2 O 5 re- 
covered 



per cent 

gm. 

gm. 

gm. 

per cent 

gm. 

gm. 

gm. 

per cent 




Unlimed 

Limestone- 

-1000 lbs. 


None 


4.9 

2.3 

7.2 


5.8 

2.6 

8.4 


S-725 

Triple superphos- 

1.63 

20.6 

3.8 

24.4 

25 

19.8 

4.7 

24.5 

25 


phate 










S-819 

Bone, fused 

0.008 

22.2 

3.9 

26.1 

27 

17.6 

3.5 

21.1 

24 

S-855 

Tricalcium, fused 

0.04 

27.8 

5.0 

32.8 

35 

20.8 

5.0 

25.8 

30 

S-816 

, Raw brown rock 

3.45 

7.1 

2.9 

10.0 

6 

5.1 

3.3 

8.4 

1 

S-81S 

'Tusion” 

3.3 

5.8 

2.4 

8.2 

2 

5.8 

3.1 

8.9 

nil 

S-849 

^Tusion’’ 

1.25 

10.3 

2.7 

13.0 

7 

7.4 

2.9 

10.3 

2 

S-854 

‘Tusion” 

0.86 

17.9 

3.4 

21.3 

18 

16.2 

3.8 

20.0 

18 

S-847 

‘‘Fusion” 

0.06 

20.7 

4.8 

I 25.5 

23 

19.9 

j 4.8 ■ 

24,7 

23 




Limestone- 

-ZOOO lbs. 

Dolomite- 

-ZOOO lbs. 


None 


6.6 

3.9 

10.5 


6.1 

3.1 

9.2 


S-725 

Triple superphos- 

1.63 

21.9 

6.9 

28.8 

27 ’ 

20.6 

5.3 

25.9 

27 


phate 










S-S.19 

Bone, fused 

0.008 

14.8 

6.7 

21.5 

22 

16.7 

4.8 

21.5 

24 

S-865 

Tricalcium, fused 

0.04 

17.2 

8.3 

25.5 

26 

17.1 

5.6 

22.7 

26 

S-816 

Raw brown rock 

3.45 

6.7 

3.3 

10.0 

1 

6.2 

2.8 

9.0 

nil 

S-818 

“Fusion” 

3.3 

7.3 

3.5 

10.8 

1 

7.1 

2.9 

10.0 

1 

S-849 

“Fusion” 

1.25 

8.5 

4.2 

12.7 

4 

8.6 

3.5 

12.1 

5 

S-854 

“Fusion” 

0.86 

11.6 

4.7 

16.3 

12 

14.0 

3.9 

17,9 

14 

S-847 

“Fusion” 

0.06 

15.9 

7.3 

23.2 

21 

17.4 

5.2 

22.6 

24 


phosphate controls gave better crop yields and PaOs recoveries. With limestone 
at the 1000-pound rate, the fused tricalcium phosphate control, S-855, again 
induced better growth and higher recovery than did either superphosphate or the 
fusion of low fluorine content, the two last mentioned materials being of com- 
parable effect. With increase in liming rate to 2000 pounds, the superphosphate 
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proved more efiective, whereas the low fluorine fusion became less effective. 
Dolomite was less repressive than limestone upon the effectiveness of the fused 
materials. Since the Fullerton soil is of dolomitic origin, it did not give to addi- 
tive magnesium the response usually shown by the Hartsells soil. 



Dolomited— 3000 lbs. Limestoiied— 2000 lbs. 

Fig. 3 Fig. 4 

Fig. 3. Response by Sud.vn Grass to 40-Pound Additions of P2O;, as IOO-Mesh Fusions 
OF Variant Fluorine C-ontent — Hartseli.s Soil 
Left to right — no phosphate; ti'iple superpliosphate, 1.63 per cent fluorine; raw rock 
phosphate, 3.45 per cent fluorine; fusions, 3.3, 1.25, 0.86, and 0.06 per cent fluorine. 

Fig. 4. Response by Sudan Grass to 40-Pound Additions of PaOs as 100-Mesh Fusions 
OF Variant Fluorine Content — Fullerton Soil 
Left to right — no phosphate; triple superphosphate, 1.63 per cent fluorine; raw rock 
phosphate, 3.45 per cent fluorine; fusions, 3.3, 1.25, 0.86, and 0.06 per cent fluorine. 

The results of experiment I demonstrate that defluorination beyond 75 per cent 
is imperative to impart to the fusions a substantial enhancement in fertilizer 
value. 

Experiment II. It has been demonstrated that clover will not mature on 
greenhouse cultures of the unlimed Hartsells and Fullerton, soils. Composites 
of the several limed and twice-cropped cultures of experiment I, therefore, were 
used in red clover cultures in experiment II, which was amplified to include four- 
fold and eightfold incorporations of P 2 O 5 as raw rock and as its undefluorinated 
fusion. The phosphates and the potassium sulfate were incorporated at the 
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rates and in the manner described for experiment I. The upper 3-inch soil 
zone also received a 40-poiind incorporation of MgO as basic magnesium carbon- 
ate and a composite solution of salts of boron, copper, manganese, and zinc prior 
to the seeding in February, 1941. Plant responses are pictured in figures 5, 6 , and 
7 , and P 2 O 5 recoveries are recorded in table 5. 


TABLE 5 

Yields and recoveries from 100-mesh ‘fusions” and from raw and undsfluorinatM 
rock by red clover on two soils — Experiment II 


HARTSELLS PINE SANDY LOAM 


FULLERTON SILT LOAM 







Limestone 

Dolomite 

Limestone 

Dolomite 






1500 lbs. 

3000 lbs. 

3000 lbs. 

1000 lbs. 

2000 lbs. 

2000 lbs. 

Lab. 

no. 

Type 


1 

0 

!Lt 


o; 


<u 


T3 

H 


•u 

a 


-a 


T3 

(U 

u 







0 


0 


p 


0 

u 


0 

U 


0 



QJ 

.s 

0 

s 

a. 

q 

pc 

Dry wt 

il 

P 

s 

6 

fC 

Dry wt 

q 

fC 

Dry wt 

0^ 

xa 

q 

pC 

i Dry wt 

q 

pC 

Dry wt 

a; 

u 

q 




per 

cent 

Ihs, 

gni. 

per 

cent 

i ' m . 

per 

cent 

gm. 

per 

cent 

gm. 

per 

cent 

gm. 

per 

cent 

gm. 

per 

cent 


None 




5.2 


9.8 


8.6 


2.3 


6.4 


5.4 


S-725 

Triple super- 

20 

1.63 

40 

14.7 

9 

18.7 

13 

20.0 

11 

14.2 

14 

16.1 

13 

17.7 

15 


phosphate 
















S-816 

Raw brown 

325 

3.45 

160 

8.0 

4 

12.1 

1 

11.3 

1 

6.1 

5 

9.2 

3 

7.8 

2 


rock 
















S-816 


325 

3.45 

320 

9.3 

5 

13.1 

4 

12.3 

3 

10.0 

6 

9.4 

4 

10.6 

lost 

S-818 

Fused brown 

100 

3.3 

160 

7.2 

3 

11.3 

nil 

10.1 

nil 

4.5 

3 

6.6 

nil 

6.7 

nil 


rock 
















S-818 


100 

3.3 

320 

7.3 

3 

12.4 

3 

9.9 

nil 

5.0 

4 

8.2 

2 

6.8 

1 

S-849 

‘Tusion” 

100 

1.25 

40 

8.2 

4 

14.6 

4 

12.2 

1 

6.8 

6 

8.9 

3 

8.1 

1 

S-861 

“Fusion” 

100 

0.7 

40 

11.0 

6 

16.1 

5 

14.2 

5 

9.4 

9 

11.7 

6 

11.1 

5 

S - S59 

“Fusion” 

100 

0.4 

40 

13.8 

8 

17.7 

11 

17.8 

9 

15.9 

15 

14.8 

11 

15.4 

11 

S-847 

“Fusion” 

100 

0.06 

40 

16.2 

11 

16.6 

9 

17.1 

9 

14.7 

15 

15.0 

12 

14.7 

11 


* From the same rock. Additions equivalent to 40 lbs. of P; 
slum sulfate was supplied to all pots at the per acre rate of 150 


.O 5 per acre surface. Potas- 
Ibs. of K 2 O. 


Responses and recoveries were comparable for superphosphate and the fusions 
of low fluorine content on the lightly limestoned soils. Increase in liming rates 
repressed slightly the effectiveness of the fusion of low fluorine content, but did 
not exert a similar effect upon the fusions of intermediate fluorine content. 
Greater degree of defluorination imparted an increase in the fertilizer effective- 
ness of the fusions. The fusion that contained 1.25 per cent of fluorine proved 
decidedly less effective than the three fusions of lower fluorine content, as would 
be expected from the dominance of apatite indicated by the x-ray pattern and 
in harmony with solubilities registered by citrate and carbonated water extrac- 
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tioiis. The effectiveness of the fusion that contained 0.4 per cent of fluorine 
was virtually equal to that of the one that contained only 0.06 per cent. 

Even when the raw rock and its undefluorinated fusion were used to supply 
P2O5 at fourfold and eightfold rates, these materials were geiierall.y ineffective 
and gave little or no P2O5 recovery on the soils that were either limestoned or 
dolomited. 


0 ) “Fusions” « “Fusions” 



Dolomited— 3000 lbs. Dolomited— 2000 lbs. 

Fig. 5 Fig. 6 

Fig. 5. Response by Red Clover to 40-Pound Additions of P2O5 as 100-Mesh Fusions 
OF Variant Fluorine Content— Hartsells Soil 
Left to right — no phosphate; triple superphosphate, 1.63 per cent fluorine; fusions, 
1.25, 0.7, 0.4, and 0.06 per cent fluorine 

Fig. 6. Response by Red Clover to 40-Pound Additions of P2O5 as 100-Mesh Fusions 
OF V.\riant Fluorine Content — Fullerton Soil 
Left to right — no phosphate; triple superphosphate, 1.63 per cent fluorine; fusions, 
1.25, 0.7, 0.4, and 0.06 per cent fluorine 

Experiment III. Four crops — red clover, soybeans, Sudan grass, and red 
clover — were grown in that succession on Hartsells and Fullerton soils between 
February, 1942, and May, 1943, for comparisons between fusions that contained 
0.52, 0.29, and 0.0 per cent of fluorine and ec[uivalent incorporations of mono- 
calcium and dicalcium phosphates. In this experiment, however, the soils were 
limestoned to a depth of 6 inches at the respective rates of 4500 pounds and 2500 
pounds of CaCOs per acre surface. After 1 month of aging, K2SO4 w'as incor- 
porated likewise to supply K2O at the 100-pound rate. The phosphates then 
wure incorporated with the upper 3-inch zone and the pots were seeded imme- 
diately. 


438 


macintire, winterbeeg, hatcher, and palmer 


The P 2 O 5 depletion by each han^est of the first crop was restored, along with a 
second 40-pound addition before the second seeding. Neither restowals nor 

HARTSELLS SOIL LIMESTONED-4500 LBS. 


“Fusion.s” 



First Crop— Red Clover 



Fullerton Soil Liraestoned— -1000 lbs. Fullerton Soil Limestoned— 2500 lbs. 

Fig. 7 Fig. 8 


Fig. 7. Response by Red Clover to Rock Phosphate and to Fusions of Variant 

Fluorine Content 

Left to right — no phosphate; raw rock phosphate, 325 mesh, 3.4 per cent fluorine, 160 lbs. 
P2O5; raw rock phosphate, 325-niesh, 3.4 per cent fluorine. 320 lbs. PdO-,; fusion, 100-mesh , 
3.3 per cent fluorine, 160 lbs. P2O5; fusion. 100-mesh, 3.3 per cent fluorine, 320 lbs. P2O5; 
fusion, 100-mesh 0.4 per cent fluorine, 40 lbs. P2O5. 

Fig. S. Comparative Response to Monocalcium and Dicalcium Phosphates and to 
Fusions op Variant Fluorine Content 

Left to right — no phosphate; monocalcium phosphate, 0.02 per cent fluorine; dicalcium 
phosphate, 0.013 per cent fluorine; fusions, 0.52, 0.29, and 0 per cent fluorine. 

additions of P 2 O 5 were made to the third crop, Sudan grass, but 40-pound repeti- 
tions were made before the seeding of the fourth crop. Additions of potassium 
sulfate were made, however, in advance of ail of the four seedings, and ammonium 
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nitrate was applied to the Sudan grass. Ail pots also received boron, copper, 
zinc, manganese, and magnesium in appropriate quantities. The first and third 
crops from both soils are pictured in figure 8 and the P 2 O 5 recoveries are given 
in table 6 . 

On the Hartsells soil the aggregate yields from the three fusions were respec- 
tively equal to or greater than those from the monocalcium phosphate, and two 
of the recoveries of P 2 O 5 were equal to the recovery from the monocalcium phos- 


TABLE 6 

Yields and P 2 O 5 recoveries from 100-mesh ^‘fusions” hyfour successive crops on two limestoned 

soils — Experiment III 


PHOSPHATES 

HARTSELLS FINE SANDY LOAM 

FULLERTON SILT LOAM 








Total, 

4 crops 





Total, 

4 crops 

Lab. no. 

Type 

Fluorine 

content 



*cn 

g 

u 



UK 

a 


•M* 

c/5 

C/5 

c3 

0 


TJ 

0) 

I 




s 

-d 

fS 

§ 

to 

d 

d 

•d 

3 

CO 

rS 

-d 

p; 

Dry wt. 

8 

8 

9 

u 

0 

p< 

CO 

& 

3 

s, 

"u 

0 

PC 

Dry wt. 

0) 

u 

0 



per cent 

gnt. 

gm. 

gm. 

gm. 

gm. 

per 

cent 

gm. 

gm. 

gm. 

gm. 

gm. 

per 

cent 


None 


0.6 

12.8 

5.6 

2.9 

21.9 


6.0 

18.5 

7.6 

5.4 

37.5 


P-679 

Monocalcium 

0.02 

11.1 

20.0 

10.3 

14.2 

55.6 

26.0 

11.9 

25.8 

11.1 

16.2 

65.0 

40.0 

S-983 

Dicalcium 

0.013 

13.6 

22.0 

11.5 

18.6 

65.7 

29.0 

15.2 

23.6 

13.8 

17.4 

70.0 

28.0 

S-968 

' ‘Fusion” 

0.52 

9.6 

23.0 

9.0 

13.8 

55.4 

22.0 

8.7 

20.8 

11.9 

14.6 

56.0 

20.0 

S-964 

“Fusion” 

0.29 

10.7 

22.3 

9.6 

15.4 

58.0 

30.0 

11.3 

21.2 

13.8 

16.6 

62.9 

29.0 

S-963 

“Fusion” 

0.00 

12.2 

23.3 

11.4 

16.3 

63.2 

26.0 

10.2 

22.7 

13.5 

17.4 

63.8 

27.0 


* Incorporations were at the rate of 40 lbs. of P 2 O 5 per acre surface to the two seedings 
of red clover and the soybeans. Potassium sulfate additions at the 100-pound K 2 O per acre 
rate were made before each of the four seedings. 

t The respective removals of PsOs by the initial crop of red clover were restored with 
the other supplements. 

X Neither restorals nor additions of phosphates w^ere made when the Sudan grass was 
seeded. 

pbate. The highest response was that from the dicalcium phosphate, and the 
P 2 O 5 recoveries from it and from the fusion of 0.29 per cent fluorine content were 
virtually identical and maximal. 

On the Fullerton soil the largest aggregate response was induced by the dical- 
cium phosphate, whereas maximal P2O5 recovery was from the monocalcium 
phosphate. The aggregates of plant response from the two fusions of lowest 
fluorine content were close to the aggregate from the monocalcium phosphate, 
whereas PgOs recoveries from these two fusions were virtually the same as the 
recovery from dicalcium phosphate* 
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DISCUSSION 

In pursuit of a major objective, T.V.A. has developed processes for the manu- 
facture of concentrated phosphatic materials, and substantial tonnages of several 
new products have been produced and distributed for tests by cooperative 
experimental agencies. One of these products is fused tricalciiim phosphate. 
The effect of particle size has been studied in plot and field tests conducted at 
several experiment stations, the findings of which have not been published.® 
From comparisons in pot cultures, Jacob and Ross ( 12 ) concluded that, when 
finer than 80-mesh, fused tricalcium phosphate of 0.12 per cent fluorine content 
was ''approximately equal to superphosphate . . . for the growth of plants on 
acid and neutral soils.’’ From greenhouse studies with four crops on two loams, 
Karraker et al (13) concluded that fusions of undisclosed fluorine content and 
superphosphate were of equal value. In their summary of results from field tests 
in Kentucky, they placed the value of the fused tricalcium phosphate above that 
of superphosphate on both limed and unlimed soils. 

In a program that includes the growing of legumes in soils of the humid Valley 
Area, the utility of phosphates should be considered in relation to rational 
liming. In the studies of the present report, this factor was recognized by the 
use of moderate supplements of lunestone and dolomite. Exploratory Neubauer 
tests and pot cultures demonstrated that the effectiveness of the new product 
was governed by particle size. Nevertheless, the difference between the effective- 
ness of 100-mesh material and that of a 50-mesh sifting was not sufficient to 
warrant the extra cost of grinding to a fineness of less than 100 mesh. Since the 
primary objective of the present study was to determine the influence of degree 
of defluorination upon availability, all solid materials, other than superphosphate, 
were of 100 -mesh fineness. 

From determinations of solubility in ammonium citrate and in carbonated 
water, Neubauer tests, and pot studies, it was found that progression in the avail- 
ability of the P 2 O 5 content of the 100 -mesh quenched fusions of brown rock is 
governed by degree of defluorination. The studies establish the fact that a 36 
per cent fluorine removal imparts only meager increase in P 2 O 5 solubility, that 80 
per cent defluorination should be attained, and that diminution of fluorine con- 
tent to 0.4 per cent imparts a satisfactory degree of P2O5 availability. 

The x-ray patterns demonstrate that the enhancement in P 2 O 5 availability 
resultant from the thermal defluorination of rock phosphate and quenching of the 
fusions is attributable to the transition of apatite to alpha tricalcium phosphate. 
They indicate also that approximately 85 per cent of the P2O5 content of a fusion 
carrying 0.4 per cent of fluorine is in that combination and that the other 15 
per cent is accounted for by undisrupted apatite, which is disseminated through- 
out the body of readily dissolvable tricalcium phosphate. When the more solu- 
ble tertiary component of the fusions undergoes dissolution in the soil, the less 
soluble residual apatite probably is dispersed in a state of subdivision far beyond 

® The contribution by Alway, F. J., and Nesom, G. H., Journal American Society of 
Agronomy^ January 1944, appeared subsequent to the completion of the present paper. 
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that attainable by the comminution of the raw rock. This may be one reason 
why the fusion of 0.4 per cent fluorine content registered a fertilizer effectiveness 
virtually the same as that registered by the fusion that contained less than 0.1 
per cent of fluorine. A good crop, however, seldom removes more than 30 
per cent of a 40- to 50-pound addition of P2O5. Since the crop requirements were 
met by the quantity of P2O5 carried by experimental incorporation of the fusion 
that contained 0.4 per cent of fluorine, this fusion proved virtually as effective 
as the somewhat more readily dissolvable fusion of lower fluorine content. Be- 
cause of the chemical and physical properties of the fused tricalcium phosphate, 
it was deemed essential that the added fusions be distributed throughout the 
stipulated zones of soil in the pot cultures. Since band drilling is not feasible in 
the potted soils, the relative merits of methods of incorporation have not been 
considered. 

CONCLUSIONS 

The relationship between degree of defluorination and enhancement in the 
P2O5 availability of quenched fusions of brovm rock phosphate was registered by 
solubility in two solvents, by Neubauer tests, and b}^ crop response and P2O5 
recovery in pot cultures. An 80 per cent removal of initial fluorine content is 
deemed necessary to impart a satisfactory increase in fertilizer value. X-ray 
diffraction patterns demonstrated that a substantially defluorinated and 
quenched fusion of rock phosphate is composed chiefly of the readily available 
alpha form of tricalcium phosphate. 

The present findings indicate that a quenched rock phosphate fusion carrying 
not more than 0.4 per cent fluorine and of 100-mesh fineness is a satisfactory 
fertilizer for incorporation vith neutral soils, those mildly acidic, and those 
limestoned or dolomited to the extent that assures the growing of red clover. 
Because of the similarity of results obtained in previous related comparisons of 
separates of substantially defluorinated and quenched fusions finer than 50-mesh 
and finer than 100-mesh, the foregoing statement is deemed appropriate also for 
material finer than 50-mesh. 
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For more than two decades much attention has been given to the hydrogen-ion 
concentration of soils in various countries of the world. In the earlier work 
attention was given primarily to surface soils and to the effects of various cultural 
treatments. More recently interest in various profile characteristics has led to 
consideration of soil acidity at various depths. During the progress of the soil 
survey of the United States, the Division of Soil Survey has had occasion to 
determine the pH values of many carefully selected soil samples. It seems de- 
sirable to bring together in one publication the more useful of such data, and to 
relate them to the great soil groups and to many of the important soil series of the 
United States. 

HISTORICAL RESUME 

In view of the fact that soil literature contains such a large mass of data dealing 
with h 3 rdrogen-ion concentration, it seems desirable to make a brief summary 
of some of the literature dealing with the subject on the basis of the natural soil 
profile. Such r4sum4 necessarily eliminates a very considerable part of all 
the work done, since the profile aspect has not been extensively considered. The 
purpose at this time is not to make a complete review^ but rather to draw attention 
to a few of the contributions to literature that emphasize general pH character- 
istics of several of the more important soil groups throughout the world. 

The pH characteristics of the podzol soils are perhaps the best known by soil 
investigators. These profiles are normally strongly acid throughout the solum. 
Among the investigators that have noted this characteristic in different parts of 
the world may be mentioned Jenny (36), of Switzerland; Stebbut (54), of Yugo- 
slavia; Smolik (53), of Czechoslovakia; Mattson and Gustaffson (45), of Sweden; 
Bjorlykke (3), of Norway; and various publications of the U. S. Department of 
Agriculture dealing with soils of the United States (7, 10). 

Brown podzolic soils and gray-brown podzolic soils have been widelj^ studied, 
but their characteristics are much more varied than are those of typical podzols. 
In general they are not so strongly acid as the podzols. The greatest acidity 
usually occurs in the lower A or upper B horizons. In addition to some of the 
investigators mentioned, several others have emphasized the characteristics of 
the gray-brown podzolic profiles. Among these are Mitchell and Muir (46), in 
Scotland, and various workers in the United States (7, 10, 12, 13, 33, 35). 

1 Formerly of the Division of Soil Survey, Bureau of Plant Industry, Soils and Agri- 
cultural Engineering; now of the Grain Products Branch, Office of Distribution, War Food 
Administration. 
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The pH values of red and yellow podzolic soils in various parts of the world 
have been mentioned. Thorp and associates (66, 67) deal with these groups in 
China; Liatsikas (43), in Greece. DeSigmond (14) also mentions soils from 
various parts of the world that are probably related to this group. Red and 
yellow podzolic soils show but little difference in pH characteristics from those 
of the gray-broTO podzolic group. In general, lateritic soils of the United States 
and of island possessions and other parts of the world show similar pH character- 
istics. In this connection should be mentioned the work of Bonnet (4) in Puerto 
Rico, and Hornby (34) in South Central Africa. 

Chernozem soils have an important part in European agriculture. The pH 
values of profile samples of such soils have been reported from various parts 
of this continent. Among them may be mentioned the works of Radu, Till, De 
Sigmond, and others (14, 50, 65, 68). Wyatt and Newton of Canada have 
described soils of that country (75) including various profiles of chernozems, and 
pH values of various profiles of United States soils have appeared in different 
publications (5, 33). In general, it may be said that in this group of soils the 
surface layers are very slightly acid or neutral. Though lower layers are cal- 
careous, the pH values do not often exceed a pH of about 8.5. 

The various groups of soils found in regions of low rainfall have been reported. 
In general, the pH values of soils formed under dry land conditions vary from 
neutral to very strongly alkaline, depending in large measure upon moisture 
relations and parent materials. Values higher than 8.5 usually reflect the 
presence of sodium carbonate or other alkaline salts accumulated under poor 
drainage conditions. 

Solonetz profiles reported by Storie (55), Shaw and Kelley (52), and Kellogg 
(37) show great extremes ; they vary from medium-acid in the A horizon to very 
strongly alkaline in the B and C horizons. 

A brief sketch of existing literature dealing with the pH values of soil profiles 
covers only part of the outstanding literature but will serve to furnish a fairly 
good key to the more general references of this character. Some of these Yefer- 
ences will be cited again in this series of papers in comparison with specific 
profiles in the United States, and others not mentioned here will also be given 
brief consideration. This series deals primarily with unpublished data for soils 
of continental United States, supplemented by a small portion of the information 
already published in Soil Survey reports of various counties and areas throughout 
this country. 

The plan of work involves the placing of a great deal of emphasis on proper 
identification of the soil types and the collection of numerous soil samples on the 
basis of the natural soil profiles. Hydrogen-ion determinations are then made 
and the pH data are correlated with various morphological features involved in 
soil identification and classification. The soil samples collected are representa- 
tive of all the important great groups of mineral soils in continental United States 
and many of the important soil series. Whenever possible at least three profiles 
for each series have been selected. In some places the profile samples were 
collected in road cuts where the preparation of vertical soil faces was relatively 
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easy; in other places it was necessary to dig pits from which samples were taken 
out of the exposed vertical faces. Individual horizon samples were unmixed wdth 
material of other horizons. The soil samples, which of course varied in moisture 
content as taken, were placed in small canvas bags and allowed to air-dry in 
transit to Washington. These samples, after varying periods of drying, were 
gently rolled to pass a 2-mm. sieve in accordance with conventional procedure. 

The pH determinations were made by means of a hydrogen electrode, in the 
manner described in a previous publication (1). One part of soil was treated 
mth two parts of distilled water by volume, shaken for a short time, and trans- 
ferred to a bubbling type hydrogen electrode vessel. The voltage readings were 
taken when equilibrium w’as reached, which required 5 to 10 minutes. Duplicate 
determinations were made of each sample. It is 'well known that moist soil 
contains varying quantities of bicarbonates in equilibrium with carbon dioxide 


TABLE 1 

Terms used to describe the reaction of soils of known 'pH^ 


DESIGNATION 

pH 

Extremely acid 

Below 4.5 

Very strongly acid 

4. 5-5.0 

Strongly acid 

5. 1-5. 5 

Medium-acid 

5. 6-6.0 

Slightly acid 

6. 1-6. 5 

Neutral 

6. 6-7. 3 

Mildly alkaline 

7. 4-8.0 

Strongly alkaline 

8. 1-9.0 

Very strongly alkaline 

9.1 and higher 



* From Soil Survey Manual (39). 


of the soil atmosphere.. The bubbling action with hydrogen served to remove a 
considerable part of the carbon dioxide gas and thus tended to decrease acidity. 
Comparison of results mth those obtained with methods where bubbling was not 
involved, however, showed negligible differences except in cases where soils were 
water-logged. 

In view of the fact that it is frequently necessary to compare in a general way 
the acidity and alkalinity of different soils, table 1 has been prepared. This 
shows each of the normally used designations of relative acidity. 

CLASSIFICATION OP SOILS 

The soil profiles selected for this series of papers are classified according to the 
system in use by the Bureau of Plant Industry (70). All soils are grouped into 
three main divisions: zonal, intrazonal, and azonal. The zonal soils may be 
divided into pedocals, pedalfers, and transitional. The pedocals are roughly 
equivalent to the soils of the subhumid, semiarid, and arid regions. The ped- 
alfers are roughly equivalent to soils of the humid regions. The transitional 
soils are intermediate between the pedocals and the pedalfers. 
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The acidity of soils does not readily lend itself to cartographic expression, 
since differences in pH within a single profile are often great and because soil 
types of greatly different pH values may occur within small areas. In view of 
the desirability for concise expression of extensive data in these papers, a map 
showing the United States has been constructed to include the location of profiles 
set forth in detail in the vaious tables. The location of each profile on the map 
is indicated by a number, which corresponds to the number in some one of the 
tables presented. 

In several areas the profiles studied are closely bunched, and other areas are 
bare of profile locations. This was unavoidable, as the samples were collected 
and most of the determinations were made not specifically for this series of papers, 
but rather for the correlations of soil survey areas. In the bare areas either no 
samples had been collected or the collections, made years ago, had not been by 
horizons, and therefore the samples were unsuitable for accurate studies. 

This paper deals with the hydrogen-ion concentration of the pedocal soils. 
These include the dark-colored soils of the subhumid and semiarid grasslands, 
consisting of the great soil groups knovm as chernozems, chestnut soils, and 
reddish chestnut soils, and the light-colored soils of arid regions, including the 
following great soil groups: brown soils, reddish brown soils, sierozems, desert 
soils, and red desert soils. Calcification (38) is the dominant soil-forming 
process under which these soils, especially the chernozems and the chestnut and 
reddish chestnut soils, are produced. This is evidenced by their only slightly 
acid to strongly alkaline upper horizons (tables 2 to 9). 

CHERNOZEMS 

Three soil series were selected as typical of the chernozem soils in the United 
States (fig. 1) (23, 38, 44, 70). They are the Barnes (20, 40, 73, 74) Moody 
(20, 25, 51, 73), and Holdrege (9, 30, 31, 69). 

The pH values of these profiles vary from 5.9 to 8.7 (table 2). Of the 14 
profiles studied, only 1 has any horizon above the lime zone that is of medium 
acidity, 7 have some upper horizons that are slightly acid, the upper horizons in 
5 profiles are neutral, and in 1 mildly alkaline (tables 1, 2). 

In every profile but one, the lime zone is more alkaline than any horizon above 
it. In this one exception (profile 2), the horizon just above the lime zone has the 
same pH. Only 4 out of the 14 profiles have horizons more alkaline than 8.5. 
These are found in the lime zone or below it. A reaction above 8.5 indicates the 
presence of sodium or potassium carbonate. 

The soils of all three series have vitually the same range of pH values through- 
out their profiles. One Holdrege profile in its subsurface horizon has a pH of 
5.9, the lowest of any of the chernozem soils examined. The horizons above the 
lime zone in the Moody average a trifle lower in pH values than those of the 
Barnes, and those of the Holdrege average a trifle lower than those of the Moody. 
The pH of the compact zone is intermediate between that of the lime zone below 
it and that of the horizon above it. 
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TABLE 2 
Chernozems 


PRO- 

FILE 

NUM- 

BER 

LOCATION 

DEPTH 

HORIZON DESCRIPTION 

pH 

inches 

Barnes loam 

1 

Lac Qui Parle 

0-8 

1, Dark brown to black loam 

6.2 


Co., Minn. 

8-18 

2. Brown to dark brown heavy loam or clay loam 

7.2 



18-28 

3. Light yellow brown heavy clay loam to silty clay 

7.1 



28-40 

4. Lime zone. Light yellow brown to grayish yel- 

8.2 




low silty clay with some sand and pebbles 


2 

Cass Co., N. 

0-14 

1. Dark gray to almost black loam 

7.1 


Dak. 

14-20 

2. Dark brown loam, becoming lighter colored 

7.9 




and heavier textured with depth 




20-55 

3. Lime zone. Pale brownish yellow passing into 

7.9 




greenish yellow light friable clay 


3 

Kingsbury 

0-2 

1. Very dark brown granular loam 

8.1 


Co., S. Dak. 

2-11 

2. Very dark brown granular loam 

7.8 



11-23 

3. Brown heavy loam 

7.4 



23-44 1 

4. Lime zone. Grayish yellow loam 

8.4 



44-53 

5. Grayish yellow loam 

8.6 



53-64 

6. Grayish yellow clay loam with some sand and 

8.7 




pebbles 




64-73 

7. Gray cla}^ loam with some sand and pebbles 

8.7 

Barnes silt loam 

4 

Brown Co., 

0-14 

1. Almost black silt loam 

6.7 


S. Dak. 

14-24 

2. Brown silt loam 

7.6 



24-28 

3. Grayish yellow silty clay loam 

7.3 



28-38 

4. Lime zone. Grayish yellow silty clay loam 

7.9 



38-54 

5. Yellow silty clay loam mottled with red, 

8.2 




brown, and drab 


5 

Moody Co., 

0-2J 

1. Dark brown silt loam 

6.7 


S. Dak. 

2i-8 

2. Almost black light silt loam 

6.4 



8-23 

3. Brown silt loam 

7.1 



23-47 

4. Lime zone. Grayish yellow loam 

8.3 



47-60 

5. Grayish yellow loam 

8.5 



60-66 

6. Grayish yellow clay loam 

8.5 

6 

Cedar Co., 

0-1-1 

1. Platy layer, nearly black silt loam 

6.1 


Nebr. 

LH2 

2. Vei'y dark grayish brown to black silt loam 

6.3 



12-20 

3. Grayish brown heavy silt loam 

6.7 



20-40 

4. Yellowish brown silt loam 

7.1 



40-56 

5. Lime zone. Light yellowish brown light silt 

8.4 




loam 




56-65 

6. Grayish brown loess 

8.6 


1 

65-72 

7. Light grayish brown medium sand 

8.6 
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TABLE 2 — Continued 


PRO- 

FILE 

NUM- 

BER 

LOCATION 

DEPTH 

HORIZON DESCRIPTION 

pH 


inches ! 

i 



Barnes silt loam — Continued 


7 

Colfax 

O-li 

1. Very dark grayish brown granular silt loam 

7.3 


County, 

11-12 

2. Very dark grayish brown granular silt loam 

6.9 


Nebr. 

12-19 

3. Grayish brown granular silty clay loam 

7.1 



19-40 

4. Lime zone. Grayish brown structureless silt 

8.1 




loam 




40-58 

5. Lime zone. Gray structureless silt loam 

8.1 



58-96 

6. Parent loess, gray structureless silt loam 

8.0 

8 

Lac Qui Parle 

0-2 

i 1. Very dark grayish brown silt loam 

7.2 


Co., Minn. 

! 2-10 

2. Dark grayish brown silt loam 

1 6.2 



10-21 

3. Grayish brown silt loam 

6.7 



21-29 

4. Lime zone. Grayish yellow silt loam with light 

8.5 




gray spots 




29-37 

5. Grayish yellow heavy silt loam 

8.4 



37-59 

6. Brown yellow or gray heavy silt loam 

8.3 



59-62 

7. Gray silty clay loam 

8.3 

9 

Moody Co., 

0-3 ' 

1. Almost black silt loam 

6.2 


S. Dak. 

3-12 I 

2. Almost black silt loam 

6.4 



12-20 

3. Dark brown silt loam 

6.3 



20-30 

4. Nearly black and brown mottled silt loam 

6.6 



30-35 

5. Yellow silt loam 

7.2 



35-41 

6. Lime zone. Grayish brown silt loam 

8.2 



41-49 

7. Lime zone. Grayish brown silt loam 

8.2 



49-63 

8. Lime zone. Mottled red and gray silt loam 

8.2 



63-77 

9. Yellow and gray mottled silt loam 

8.0 



77-107 

10. Yellow clay 

8.1 

10 

Moody Co., 

0-4 

1. Dark brown silt loam 

7.4 


S. Dak. 

4-11 

2. Nearly black silt loam 

7.0 



11-20 

3. Brown silt loam 

6.8 



20-34 

4. Yellow silt loam 

7.3 



34-44 

5. Lime zone. Yellow silt loam 

8.7 



44-56 

6. Lime zone. Yellow silt loam 

8.7 



56-78 

7. Gray silt loam 

8.7 


Holdrege silt loam 


11 

Franklin Co., 

0-6 

1. Very dark grayish brown silt loam 

7.5 


Nebr. 

6-18 

2. Very dark grayish brown granular silt loam 

7.1 



18-26 

3. Compact zone. Dark grayish brown silt loam 

7.2 



26-40 

4. Lime zone. Very light grayish brown silt loam 

8.3 



40-121 

5. Lime zone. Very light grayish brown silt loam 

8.5 



121-168 i 

6. Loess-like silt loam, very light grayish brown 

8.5 




loess 




H-ION CONCENTEATION OF XJ. S. SOILS 


449 


TABLE 2 — Continued 


PRO- 

PILE 

NUM- 

BER 

LOCATION 

DEPTH 

inches 

HORIZON DESCRIPTION 

pH 

Holdrege silt loam — Continued 

12 

Buffalo Co., 

0-6 

1. Very dark brown silt loam 

6.7 


Nebr. 

0-14 

2. Dark brown heavy silt loam 

6.5 



14>26 

3. Light brown heavy silt loam 

6.8 



26-32 

4. Compact zone. Dark grayish brown heavy silt 

6.9 




loam 




32-60 

5. Lime zone. Very light grajush brown silt loam 

8.1 




with soft lime lumps 


13 

Phelps Co., 

0-5 

1. Very dark grayish brown silt loam 

6.4 


Nebr. 

5-17 

2. Dark brown silt loam 

5.9 



17-36 

3. Compact zone. Dark grayish brown heavy silt 

7.3 




loam 




36-54 

4. Lime zone. Very light grayish brown silt loam 

8.5 




with soft lime lumps 




54-96 

5. Very light gray silty loess 

8.6 

14 

Furnas Co., 

0-1 

1. Dark grayish brown silt loam mulch 

6.4 


Nebr. 

i-2 

2. Very dark grayish brown faintly laminated silt 

6.4 




loam 




2-16 

3. Very dark brown friable silt loam 

6.6 



16-26 

4. Compact zone. Dark grayish brown silty clay 

7.1 




loam 




26-40 

5. Lime zone. Very light grayish brown friable 

8.4 




silt loam 




40-55 

6. Lime zone. Grayish brown silt loam 

8.5 



55-84 

7. Very light gray silt loess 

8.4 


CHESTNUT SOILS 

Four soils series were selected as representative of the chestnut soils (fig. l) 
(23, 38, 44, 70). They are the Morton (15, 16, 17, 18, 19, 22), Scobey, Williams 
(15, 16, 17, 18, 19), and Rosebud (24, 42, 72). 

The pH values of the chestnut soils are just a trifle higher than those of the 
chernozems (tables 2 and 3). They range from 6.3 to 8.6 for the horizons above 
the lime zones and from 7.7 to 9.0 for the lime zones. These findings agree very 
closely with the results obtained by other investigators (6, 50, 65). Of the 13 
profiles studied, 3 have slightly acid horizons above the lime zone, 8 have upper 
horizons that are neutral, and 2 have horizons that are alkaline (tables 1 and 3). 

In every profile the lime zone is more alkaline than any horizon above it, al- | 
though in 6 profiles the horizon just above the lime zone has almost the same | 
pH as that layer. Of the 13 profiles, 11 have horizons more alkaline than 8.5. 

In all but one case these strongly alkaline layers occur in the lime zone or below, t 
In the one exception the compact zone is also highly alkaline. In 6 profiles the 
compact zone has virtually the same pH as the surface horizon, in 5 the compact | 
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zone is intermediate in pH between the surface and the lime zone, and in 1 the 
compact layer has virtually the same pH as the lime zone. There is very little 
difference between the range in pH values of the profiles of the four chestnut 
soils studied. The Morton averages the lowest, and the Scobey and Williams 
average the highest, doubtless largely because of the differences in lime content 
of the parent materials of these soils. The Scobey profiles are slightly more 
alkaline in their upper horizons than the Williams profiles. This is what one 
would expect, as the former has developed under a slightly lighter rainfall than 
the latter (15, 16, 17, 18, 19, 22). 


Fig. 1. Broad Associations of the Great Soil Groups 

A — Podzols with associated ground water podzols, lithosols, bog and half -bog soils. 

B — Brown podzolic soils, lithosols, bog and half -bog soils. 

C — Gray-brown podzolic soils, with planosols, prairie soils, Wiesenboden, bog, half -bog, 
and alluvial soils. 

D — Bed and yellow podzolic soils, with lithosols, planosols, alluvial soils, rendzinas, 
Wiesenboden, and some prairie and reddish prairie soils in the northwestern part. 

E — ^Half-bog soils, with ground water podzols predominating in the southeastern portion 
and included areas of red and yellow podzolic soils, bog soils, and alluvial soils. 

F — Alluvial soils, with bog and half -bog soils and some red and yellow podzolic soils. 

G — Prairie soils, with many areas of planosols, and some Wiesenboden and gray -brown 
podzolic soils. There are also areas of alluvial soils, reddish prairie soils, lithosols, and 
chernozems. 

H — Reddish prairie soils and planosols with many areas of red and yellow podzolic soils, 
also some rendzinas, prairie soils reddish chestnut soils, and lithosols. 

I — Rendzinas, with included areas of red and yellow podzolic soils, prairie, reddish 
prairie, reddish chestnut, Wiesenboden, and half -bog soils. 

J — Reddish chestnut soils, with reddish brown soils predominant in the western portion 
and some lithosols, planosols, and reddish prairie soils. 

K — Chernozems, with some planosols, Wiesenboden, alluvial, and prairie soils. 

L — Dry sands. 

M — Chestnut soils in the eastern part and brown soils in the western part with lithosols, 
dry sands, alluvial soils, and some chernozems. 

N — Mountainous areas of brown and gray -brown podzolic soils, some Alpine meadow, 
podzols, much lithosol, and irregular areas of brown, chestnut and prairie soils. 

O — Sierozem and desert soils, with much lithosol, and considerable solonchak, solonetz, 
brown, chestnut and alluvial soils. 

P — Brown and chestnut soils, with much lithosol, and some sierozem, desert and red 
desert soils. 

Q — Red desert, reddish brown, and noncalcic brown soils, with much lithosol and some 
alluvial soils and solonchak. 

R — Mountain and valley areas of noncalcic brown soils, rendzinas, lithosols, planosols, 
alluvial soils, prairie, reddish chestnut, chernozem, half -bog and bog soils. 

S— Mountain and valley areas of red, yellow, brown and gray -brown podzolic soils and 
lithosols, with some prairie soils, planosols, alluvial soils, half -bog and bog soils. 

T— Chestnut, brown, prairie, and chernozem soils with some lithosols. 

U— Central valley of California, dominantly alluvial soils and planosols, with included 
areas of solonchak, solonetz, rendzinas, noncalcic brown, reddish-brown, reddish chestnut, 
desert, bog, half -bog, chernozem, and prairie soils. 

Each number represents a profile. 



TABLE 3 
Chestnut soils 


PRO- 

FILE 

NUM- 

BER 

LOCATION 

DEPTH 

HORIZON DESCRIPTION 

pH 


inches 




Morton silt loam 


15 

Morton Co., ^ 

0-li 

1, Dark gray-brown silt loam, crumb structure 

6.8 


N. Dak. 

1-|~6 

2. Compact zone. Dark grayish brown silt loam 

6.5 




prismatic structure 




6-12 

3. Compact zone. Dark brown to brown heavy silt 

6.7 




loam, good prismatic structure 




12-17 

4. Compact zone. Olive-drab soft friable loam to 

7.1 




silt loam, fair prismatic structure 




17-20 

5. Lime zone. Olive-drab clay loam, friable, with 

8.1 




lime flecks and considerable gravel 




20-38 

6. Lime zone. Gray clay loam with a great abun- 

8.4 




dance of lime flecks 




38-50 

7. Lime zone. Cream-gray clay loam with fewer 

.8.7 




lime flecks, some limonite yellow specks and 





streaks 


16 

Morton Co., 

0-6 

1. Dark gray-brown friable silt loam 

6.4 


N. Dak. 

6-14 

2. Compact zone. Reddish brown heavy silt loam, 

6.3 




good prismatic structure 




14-18 

3. Olive-brown loam, breaks to large nut fragments 

6.7 




and crumbs more easily 




18-30 

4. Lime zone. Dark brown gravelly loam with lime 

8.1 




flecks 



Morion loam 


17 

Billings Co., 

0-i 

1. Brownish gray powdery loam 

7.2 


N. Dak. 

-1-2 

2. Dark grayish brown loam in large subangular 

7.2 




chunks but friable 




2-6 

3. Dark brown silt loam or loam, cloddy 

7.1 



6-12 

4. Compact zone. Grayish brown silt loam with a 

7.1 




tendency toward prismatic structure 




12-18 

5. Compact zone. Brownish yellow silt loam with 

7.6 




a tendency toward prismatic structure 




18-39 

6. Lime zone. Light gray mottled with yellowish 

8.5 




gray silt loam, heavily impregnated with lime 




39-48 ! 

7. Lime zone. Light gray-brown sand and gravel 

8.8 




with an uneven coat of lime on their surfaces 


18 

McKenzie 

0-li 

1. Dark grayish brown loam, friable crumb struc- 

7.2 


Co., N. 


ture 



Dak. 

Ij— 3'2' 

2. Dark grayish brown loam, slightly lighter in 

6,8 




color, friable crumb structure 




3i-9 

3. Dark grayish brown loam, slightly lighter in j 

6.8 




color, friable crumb structure ^ 




9-18 I 

4. Compact zone. Grayish brown loam, prismatic 

7.0 




structure 




18-25 

5. Light grayish brown friable loam 

7.5 



25-31 

6. Lime zone. Light grayish brown calcareous 

7.7 , 




loam, a few lime flecks 




31-36 

7. Lime zone. Grayish white loam, numerous lime 

8 6 




flecks 
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TABLE 3 — Continued 


PRO- 

FILE 

LOCATION 

DEPTH 

HORIZON DESCRIPTION 

pH 

BEE 


inches 


Scohey clay loam 

19 

Milk River 

0-2 

1. Brown friable loam, fine granular structure 

7.4 


Valley Area, 

2-8 

2. Compact zone. Dull brown dense cloddy clay, 

7.1 


Mont. 


faintly prismatic structure 




8-19 

3. Lime zone. Grayish brown tough heavy clay 

8.6 




loam distinctly calcareous 




19-35 

4. Lime zone. Light grayish brown clay loam 

7.8 




mottled with white and rusty brown calcareous 




35-45 

5. Light grayish brown compact loamy material 

7.8 




somewhat stratified and mottled with rusty 
brown and flecked with white salt accumula- 
tions 



Scohey loam 


20 

Northern 

0-2 

1. Dark brown loose friable mulch 

7.1 


Plains of 

2-6 

2. Dark brown more compact yet friable crumb 

7.1 


Montana 


structure, coarse loam 




6-10 

3. Dark brown more compact friable loam to silt 

8.2 




loam, crumb structure 




10-16 

4. Compact zone. Hard compact dull dark brown 

8.6 




heavy tight loam, prismatic structure 




16-30 

5. Lime zone. Dull light brown heavy loam to silt 

8.9 




loam, tight and compact, calcareous 




30-36 

6. Mottled light yellowish brown and grayish 

8.3 




brown compact crumb structure loam to silt 
loam 



Williams loam 


21 

Lower Yel- 

0-6 

1. Dark brown loam, laminated at surface, blocky 

7.7 


lowstone 


below 



Area, Mont. 

6-16 

2. Compact zone, brown loam with fine gravel stone 

7.5 




scattered through, prismatic, granular struc- 
ture 




16-30 

3. Lime zone. Triable light yellowish gray silt 

8.7 




loam streaked and spotted with lime 




30-45 

4. Lime zone. Compact olive-brow’n silt loam 

9.0 




spotted with lime 



Williams clay loam 


McKenzie 

0-1 

1. Dark grayish brown friable clay loam, crumb 

7.4 

Co., ^ N. 


structure 


Dak. 

1-3 

2. Dark grayish brown friable clay loam, crumb 

6.7 



structure 



3-8 

3. Dark grayish brown compact silt loam but fri- 

7.2 



able, crumb structure 
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TABLE 3 — Continued 


PRO- 

PILE 

NUM- 

BER 

‘ LOCATION 

DEPTH 

inches 

HORIZON DESCRIPTION 

pH 

Williams clay loam — Continued 

22 

1 

McKenzie 

8-12 

4. Compact zone. Dark grayish brown clay loam, 

8.3 


Co., N. 


prismatic structure 



Dak. — Cont) 

12-18 

5. Lime zone. Grayish brown friable clay loam 

8.5 




with whitish lime flecks 




18-38 

6. Lime zone. Light gray friable clay loam with 

8.9 




more numerous white lime flecks 




38-49- 

7. Light grayish brown friable calcareous clay loam 

9.3 


Williams loam 


23 

Williams Co., 

O-li 

1. Dark grayish brown light loam, fine soft crumb 

6.9 


K. Dak. 


structure 




lf-5 

2. Dark brown loam, soft crumb structure also 

7.0 




faintly platy 




5-13 

3. Compact zone. Reddish brown sandy clay, 

7.2 




prismatic structure 




13-20 

4. Compact zone. Grayish brown clay loam, pris- 

8.0 




matic structure, a little less friable 




20-24 

5. Lime zone. Light olive-drab sandy clay till 

8.2 




strongly mottled with white lime spots; com- 
pact but friable 




24- 

6. Lime zone. Light olive-drab sandy clay till 

8.8 




strongly mottled with white lime spots; loose 
and friable 



Rosebud very fine sandy loam 


Lincoln Co., 

0-1 

1. Light gray very fine sandy loam, single grain 

6.4 

Nebr. 





1-8 

2. Compact zone. Reddish brown verj'' fine sandy 

6.3 



loam, breaks into sharp angular clods when 




dry — prismatic structure 



8-14 

3. Dark grayish brown silt loam, loose to friable 

7.2 


14-24 

4. Lime zone. Light yellowish brown silt loam. 

7.7 



numerous lime streaks and splotches 



24-36 

5. Lime zone. Light yellowish browm silt loam, 

8.7 



fewer lime streaks and splotches 



36-90 

6. Yellow fine sand 

8.5 

Keith Co., 

0-2 

1. Light brown very fine sandy loam 

7.3 

Nebr. 

2-7 

2. Dark brown very fine sandy loam 

6.8 


7-16 

3. Compact zone. Brown very fine sandy loam 

7.0 



faintly granular, somevrhat compact, pris- 




matic structure 



15-28 

4. Compact zone. Brown very fine sandy loam, 

7.7 



prismatic structure to faintly granular 



28-36 

5. Lime zone. Light yellow silt loam 

8.3 


36-48 

6. Light yellow silt loam containing some gravel 

'8.4 


'48-72 

7. Light yellow silt loam 

8.4 
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TABLE 3 — Continued 


PRO- 

FILE 

NUM- 

BER 

LOCATION 

DEPTH 

inches 

HORIZON DESCRIPTION 

pH 

Rosebud very fine sandy loam — Continued 

26 

Fort Laramie 

0-8 

1. Brown friable very sandy loam 

7.4 


Area, 

8-30 

2. Lime zone. Yellowish gray silty clay loam 

8.3 


Wyo. 

30-48 

3. Grayish silt and very fine sand 

9.0 


Rosebud silt loam 


27 

Laramie Co., 

0-3i 

1 . Brown laminated silt loam 

7.1 


Wyo. 

3^-12 

2. Compact zone. Dark brown heavy silt loam, 

8,1 




slightly prismatic structure 




12-20 

3. Compact zone. Brown heavy silt loam, prisma- 

8.0 




tic structure 




20-33 

4. Lime zone. Light yellow friable silt loam with 

8.5 




numerous lime spots 




33-39 

5. Light yellow silt loam 

8.8 


REDDISH CHESTNUT SOILS 

Three series were selected as representative of the reddish chestnut soils 
(fig. 1) (44, 70). They are the Richfield (2, 21, 63), Pullman (62, 63), and Abilene 
(11, 64). 

The pH values of the horizons above the lime zones of these profiles range from 
6.5 to 8.2 and those of their lime zones from 7.5 to 8.5. These results are similar to 
those of the chestnut profiles (tables 3 and 4). Of the 11 profiles studied, 1 has a 
slightly acid horizon above the lime zone, 5 have upper horizons that are neutral, 
and 5 are alkaline from the surface doivn (tables 1 and 4). In only 4 profiles is 
the lime zone more alkaline than any horizon above it. None of the profiles 
have horizons more alkaline than 8.5. In 4 profiles the compact zone is inter- 
mediate in pH between the surface and the lime zone, in 3 the compact layer has 
virtually the same pH as the lime zone, in 1 the pH of the compact zone is virtu- 
ally the same as that of the surface, in 1 the compact zone has the lowest pH of 
any horizon in the profile, and 1 profile has virtually the same pH throughout. 

The pH values of the three Richfield profiles range from 7.1 to 8.5. Two 
profiles have some horizons above the lime zone that are neutral, and one profile 
is mildly alkaline in its upper layers. 

The pH values of the 5 Pullman profiles vary from 6.5 to 8.5. This variation 
agrees with the data reported by Brown and Byers on a Pullman profile (6). 
One profile has a slightly acid horizon above the lime zone, 3 have neutral 
horizons in the upper layers and 1 is mildly alkaline above the lime zone. Thus 
these profiles average the lowest in pH in the upper horizons of the reddish 
chestnut soils studied, although the differences are very slight (table 4). In 2 
profiles there are horizons above the lime zone that are just as alkaline as that 
horizon or more so. In one profile the equally alkaline horizon is in the compact 
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TABLE 4 

Reddish chestnut soils 


PRO- 

FILE 

LOCATION 

DEPTH 

HORIZON DESCRIPTION 

pH 

BER 


inches 




Richfield silt loam 


Texas 

0-4 

1. Very dark reddish brown laminated silt loam 

7.2 

County, 

4-12 

2. Compact zone. Very dark reddish brown clay 

7.7 

Oklahoma 


loam with compact prismatic structure 


Recon- 

12-20 

3. Lime zone. Darkreddishbrownclay loam, very 

8.5 

naissance 


compact block structure, white lime spots 



20-28 

4. Lime zone. Reddish brown clay loam or clay 

8.5 



with spots of lime, very hard compact cubical 




clods 



28-32 

5. Lime zone. Light grayish brown with numerous 

8.5 



lime spots, clay to clay loam 



32-42 

6. Lime zone. Brown clay loam with fewer lime 

8.5 



spots, blocky structure 



42-52 

7. Light brown clay loam 

8.5 


52-72 j 

8. Friable light brown to slightly reddish brown 

8.5 



clay to clay loam 

8.5 


Richfield silty clay loam 


29 

Randall 

0-5 

1. Very dark reddish brown, granular silty clay 

8.1 


County, 


loam 



Texas 

5-18 

2. Compact zone. Nearly black granular silty clay 

7.6 




loam, roughly prismatic structure 




18-30 

3. Lime zone. Light grayish brown clay with nu- 

8.0 




merous lime concretions 




30-42 

4. Lime zone. Light grayish brown friable clay 

8.5 




with soft lime lumps 


30 

Wheeler 

0-1 

1. Very dark reddish brown, very fine sandy loam, 

7.1 


County, 


single grain structure 



Texas 

1-8 

2. Compact zone. Nearly black granular clay 

7.0 




loam, roughly prismatic structure 




8—18 

3. Compact zone. Reddish brown to black heavy 

7.1 




clay loam, nut-like structure 




18-27 

4. Compact zone. Reddish brown stiff clay loam. 

7.5 




roughly nut-like structure 




27-48 

5. Lime zone. Reddish brown to brown plastic 

8.3 




clay with numerous soft lime spots 



Pullman silty clay loam 


Potter 

0-5 

1. Dark reddish brown silty clay loam 

6.7 

County, 

5-26 

2. Compact zone. Bark chocolate-brown stiff clay 

7.7 

Texas 

26-48 

3. Compact zone. Dark reddish brown stiff clay 

8.2 


48-66 

4. Compact zone. Yellowish red stiff clay 

8.0 


66-85 

5. Lime zone. Dull reddish yellow friable clay 

8.0 



containing many soft white lime lumps 



85-102 

6. Parent material. Pinkish buff calcareous clay 

8.3 



TABLE 4 — Continued 


PRO- 

FILE 

NUM- 

LOCATION 

DEPTH 

HORIZON DESCRIPTION 

pH 

BER 


inches 

Pullman silty clay loam — Continued 

32 

Potter 

0-5 

1. Very dark reddish brown silty clay loam 

6.6 


County, 

5-26 

2, Compact zone. Dark chocolate-brown clay 

7.3 


Texas 

26-42 

3. Dark brown calcareous clay 

8.2 



42-60 

4. Yellowish red calcareous clay 

7.9 



60-84 

5. Lime zone. Friable buff clay with soft lime 

7.9 




lumps 




84-134 

6. Parent material. Pale reddish buff calcareous 

8.0 




clay 


33 

Potter 

0-4 

1. Very dark reddish brown granular to platy silty 

6.6 


County, 


clay loam 



Texas 

4-14 

i 2. Compact zone. Nearly black plastic granular 

6.5 




and finely cloddy clay 




14-21 

3. Compact zone. Reddish brown granular fine 

7.3 




cloddy plastic clay 




21-32 

4. Compact zone. Reddish brown calcareous plas- 

8.0 




tic cloddy clay 




32-48 

5. Dull yellowish red calcareous clay 

8.0 



48-84 

6. Lime zone. Soft yellowish white almost pure 

8.3 



! 

lime 




84-108 

7. Pale reddish buff calcareous clay with some lime 

8.2 




concretions 


34 

Randall 

0-5 

1 . Friable dark reddish brown silty clay loam 

7,6 


County, 

5-24 

2. Compact zone. Very dark chocolate stiff heavy 

8.0 


Texas 


clay loam 




24-36 

3. Lime zone. Reddish brown stiff clay containing 

8.3 




a few soft lime concretions 




36-50 

4. Lime zone. Dull reddish yellow clay containing 

8.5 




a few soft lime concretions 




50-60 

5. Lime zone. Friable buff clay containing 50 per 

8.5 




cent or more white soft lumps of lime 




60-144+ 

6. Parent material. Pinkish buff calcareous clay 

8.5 




with some soft lime lumps 


35 

Randall 

0-2 

1. Dark reddish brown silty clay loam 

7.2 


County, 

2-12 

2. Compact zone. Dark reddish brown stiff heavy 

6.6 


Texas 


clay 




12-24 

3. Compact zone. Dark reddish brown stiff heavy 

7.6 




clay, slightly lighter in color 




24-40 

4. Lime zone. Dark reddish brown clay contain- 

7.5 




ing a few semihard lime concretions, slightly 
lighter in color 




40-52 

5. Lime zone — brown calcareous clay 

7.8 



52-60 

6. Lime zone, yellowish red calcareous clay, lime 

7.8 




concretions increasing 




60-78 

7 . Lime zone . Friable buff clay 50 per cent or more 

8.0 




soft lime lumps 




78-90+ 

8. Parent material. Pinkish buff calcareous fri- 

7.9 




able clay with a few soft lime lumps 
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TABLE 4r-Continued 


PRO- 

PILE 

NUM- 

BER 

LOCATION 

DEPTH 

HORIZON DESCRIPTION 

pH 


inches 




Abilene loam 


36 

Scurry 

0-7 

1. Dark reddish brown friable loam 

7.8 


County, 

7-18 

2. Compact zone. Very dark reddish brown stiff clay 

8.0 


Texas 

18-32 

3. Lime zone. Whitish and soft, nearly pure lime 

8.1 



32-48 

4. Pinkish, whitish and salmon friable clay, crj^s- 

8.3 




tals of gypsum abundant 



Abilene clay loam 


37 

Scurry 

0-1 

1. Dark grayish brown with a red tint, silt loam. 

7.8 


County, 1 


arranged in thin fragile plates 



Texas 

1-16 

2. Dark reddish brown granular clay loam 

7.7 



16-30 

3. Compact zone. Dark reddish brown rather 

8.0 




compact clay with a prismatic structure 




30-42 

4. Lime zone. Light reddish brown compact clay 

.8.0 




containing a few lime spots 




42-66 

5. Lime zone. Yellowish white mixture of white 

8.0 




rounded lime lumps and friable light brown 
clay 




66-144 

6. Parent material. Pale reddish brown friable 

8.0 




firm cloddy clay containing a few lumps of 
lime 



Abilene silty clay loam 


Dickens 

0-4 

1. Dark reddish brown silty clay loam 

7.7 

County, 

4-42 

2. Compact zone. Very dark reddish brown stiff 

7.8 

Texas 


clay 



42-60 

3. Lime zone. Whitish and soft, nearly all lime 

7.6 


60-72 

4. Pinkish whitish and salmon friable clay, gypsum 

7.5 



crystals abundant 



layer, whereas in the other profile the more alkaline horizon is the transitional 
layer between the compact and the lime zones. 

The pH values of the three Abilene profiles range from 7.5 to 8.3. These pH 
values have the narrowest range of any of the reddish chestnut profiles studied. 
In all these soils the horizons above the lime zone are mildly alkaline (tables 1 and 
4). These profiles have the highest pH in the upper horizons of any of the 
reddish chestnut soils studied. 

BROWN SOILS 

Thre^ series were selected as representative of the brown soils (fig. 1) (70). 
They are the Joplin (22), Ritzville (29, 48, 56, 71, 79), and Fort Collins (26). 

The pH values of the horizons above the lime zones of these profiles vary from 
6.1 to 8.1, and those of the lime zones from 7.8 to 9.4 (table 5). These are con- 
siderably higher, especially in the upper horizons, than the data reported by 
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TABLE 5 
Brown soils 


PRO- 

FILE 

LOCATION 

DEPTH 

HORIZON DESCRIPTION 

[ 

pH 

NUM- 


BER 

! 

inches 




J oplin fine sandy loam 


39 

Northern 

0-1 

1. Grayish brown loose granular to single-grain 

6.2 


Plains of 


sand mulch 



Montana 

1-6 

2. Compact zone. Medium brown fine sandy 

7.1 




loam, crumbly prismatic structure 




6-11 

3. Compact zone. Light brown fine sandy loam, 

7.7 




friable prismatic structure 




11-14 

4. Compact zone. Grayish brown fine sand to 

8.1 




silt, compact prismatic structure 




14-23 

5. Lime zone. Lime well distributed, gray silt. 

8.4 




compact prismatic structure 




23-32 

6. Lime zone. Grayish brown silt loam, patches 

8.4 




or streaks of lime, compact irregular clods 




32-45 

7. Alkali zone. Dull brown silty clay granular, 

8.1 




lime and alkali in patches, gravel, shale and 
sandstone present 




45-48 

8. Light brown compact gravelly fine sand to silt 

8.0 




layer 




48-59 

9. Light brown compact stratified silt loam, free 

7.7 




from gravel 




59-65 

10. Reddish brown compact gritty silty clay, strat- 

7.8 




ified 



Joplin loam 


40 

Northern 

j 0-2 

1. Light brown loose loam mulch 

6.3 


Plains of 

2-3 

2. Brown more compact coarse silt loam, crumbles 

6.4 


Montana 


easily 




3-8 ! 

3. Compact zone. Slightly darker brown com- 

6.8 




pact heavy silt loam, blocky and prismatic 
structure 




8-10 

4. Compact zone. Grayish brown compact silt 

, 7.8 




loam, prismatic structure but more friable 




10-20 

5. Lime zone. Brownish gray silt loam to loam 

8.1 




with fine light gray specks of lime, slightly 
blocky but friable 




20-34 

6. Lime zone. Light grayish brown silt loam and 

7.9 




very fine sandy loam with large white spots of 
lime, very friable 




34-46 

7. Light yellowish brown very fine sandy loam 

8.1 


Joplin stony loam 


Northern 

0-2 

1. Loose gray sandy mulch 

7.9 

Plains of 

2-6 

2. Reddish brown gravelly loam 

7.6 

Montana 

6-9 

3. Light reddish brown gravelly loam 

7.8 


9-24 

4. Compact zone. Compact gray gravelly loam, 

8.0 


j 

prismatic structure 




TABLE h— Continued 


PRO- 

DEPTH 



NtM- location 


HORIZON DESCRIPTION 

pH 

BER 

inches 



Joplin stony loam — Continued 

41 Northern 

24-38 

5. Lime zone. Rather loose yellow loam and 

8.1 

Plains of 


gravel with numerous white lime spots 


Montana 

38-50 

6, Lime zone. Compact dull gray sand and gravel, 

8.1 



lime well distributed 



50-62 

7. Loose gray sand, underlain by heavier strati- 

8.1 



fied material 


Joplin loam 

42 Northern 

0-3 

1. Grayish brown loam mulch, slightly laminated 

' 7.2 

Plains of 




Montana 





3-11 

2. Compact zone. Yellowish brown sandy loam, 

6.9 



slightly compact, prismatic structure break- 




ing into irregular cubical blocks 



11-14 

3. Compact zone. Brownish yellow, prismatic 

7.5 



structure 



14-22 

4. Lime zone. Light grayish brown fine sandy 

8.0 



loam with white splotches of lime, slightly 




prismatic structure 



22-26 

5. Lime zone. Light grayish brown structureless 

8.1 



fine sandy loam, lime well distributed 



26-42 

6. Dark drab-brown silty clay drift, compact, 

8.4 



flaky, contains bits of shale and sandstone 



42-60 

7. Dull brown drift mixture, some gravel and rock 

8.0 



fragments 



Joplin silt loam. 


43 

Northern 0-2 

1. Light brown silt loam mulch 

6.1 


Plains of 2-7 

2, Compact zone. Brown hard compact heavy 

i 7.3 


Montana 

loam, prismatic structure 



7-10 

3. Lime zone. Grayish brown hard compact 

7.8 



heavy loam, prismatic structure, fine specks 




of lime 



10-20 

4. Lime zone. Light gray and light brown speckled 

8.2 



blotched heavy silt loam, lime well distrib- 




uted, prismatic structure 



20-30 

5. Lime zone. Less gray and more brown heavy 

8.0 



silt loam, lime well distributed 



30-40 

6. Light dull brown with dirty gray, hard, com- 

8.0 



pact, gritty silt loam 



Ritzville silt loam 


44 

Franklin Co., 0-12 

1. Light grayish brown friable silt loam 

7.0 


Wash, 12-36 

2. Compact zone. Light brown cloddy heavy silt 

8,0 



loam to silty clay loam, prismatic structure 



36-72 

3. Lime zone. Grayish brown to gray heavy silt 




loam, slightly cemented 

I'S.Q' 
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TABLE 5 — Continued 


PRO- 

PILE 

LOCATION 

DEPTH 

HORIZON DESCRIPTION 

,pH 

NUM- 


BER 


inches 




Ritzville silt Zoam— Continued 


45 

Nez Perce 

0-2§ 

1. Light grayish brown friable silt loam 

1.Z 


Co., Idaho 

2|-8 

2. Compact zone. Light brown heavy silt loam, 

7.1 




prismatic structure 




8-19 

3. Compact zone. Light brown cloddy silty clay 

7.0 




loam, prismatic structure 




19-33 

4. Lime zone. Grayish brown firm but friable silt 

8.2 




loam with numerous white lime spots and 
streaks 


46 

Umatilla Co., 

0-8 

1. Light brown friable silt loam to loam 

6*7 


Oreg. 

8-10 

2. Compact zone. Light brown heavy loam, pris- 

6.7 




matic structure 




19-33 

3. Compact zone. Light brown firm but friable 

7.4 




silt loam, prismatic structure 




33-46 

4. Lime zone. Grayish brown firm but friable 

8,9 




silt loam, calcareous 




46-66 

5. Lime zone. Grayish brown firm but friable silt 

9.4 




loam, calcareous 




66-86 

6. Lime zone. Grayish brown to gray heavy silt 

9.1 




loam, slightly cemented with lime 



Fort Collins loam 


Brighton 

0-15 

1. Brown friable, loam with few waterworn 

8.0 

Area, Colo. 


gravels 



15-36 

2. Compact zone. Brown clay, pidsmatic struc- 

7.3 



ture 



36-60 

3. Lime zone. Olive-brown with gray mottlings 

8.6 



and lime streaks, heavy structureless zone 



Fort Collins clay loam 


48 

Brighton 

0-2 

1. Grayish brown mellow fine or very fine sandy 

7.3 


Area, Colo. 


loam, slightly laminated 




2-8 

2. Gray brown to brown heavy loam 

6.2 



8-22 

3. Compact zone. Brown to dark brown compact 

7.6 




clay, prismatic structure 




22-38 

4. "Lime zone. Grayish brown compact clay of 

,8.4 




prismatic structure, mottlings of lime 



' 

38-54 

5. Lime zone. Gray clay loam very high in lime, 

9.1 




massive structure 




54-96 

6. Lime zone. Pinkish gray heavy clay loam to 

9.1 




clay, lime in seams downward and in pockets, 
prismatic structure 




96-120 

7. Parent material. Light brown highly calcare- 

9.1 




ous fine sandy loam 
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Thorp and Hou (65, 66) on Chinese soils and those of Wyatt and Newton on 
western Canadian soils (75). 

Of the 10 profiles studied, 4 have some horizons above the lime zone that are 
slightly acid, 5 are neutral in some of the upper horizons, and 1 profile is mildly 
alkaline above the lime zone (tables 1 and 5). Thus the pH values of these 
broTO soils are virtually the same as those of the other grassland pedocals; 
namely, the chernozems and the chestnut and reddish chestnut soils (tables 2 
to 5). They actually average a trifle lower in pH values in the upper layers than 
do the chestnut soils (Tables 3 and 5). This seems very strange, as one would 
expect the upper horizons, at least, to become increasingly more alkaline as the 
rainfall decreases. The brown soils selected are coarser textured on the average, 
especially in their upper horizons, than the chestnut profiles selected (tables 3 
and 5). This would permit a more rapid percolation of water through the 
upper layers and a consequent leaching out of the bases. This undoubtedly 
accounts in part at least, for their relatively lower pH values. 

As in the chestnut soils, the pH values of the lime zones tend to be higher than 
those of the layers above, although in 3 profiles the lowest horizon in the compact 
zone has virtually the same pH values as the lime zone. Of the 10 profiles 
studied, 4 have horizons more alkaline than 8.5. In every case these strongly 
alkaline layers occur in the lime zone or below. In 6 profiles the pH of the 
compact layer is intermediate between that of the surface and that of the lime 
zone, in 2 profiles it has the same pH as the surface, in 1 it has virtually the same 
pH as the lime zone, and in 1 it has the lowest pH in the profile. 

The pH values of the 5 Jopkin profiles range from 6.1 to 8.4. Three profiles 
have some horizons above the lime zone that are slightly acid, one has neutral 
horizons in the upper layers, and one profile is mildly alkaline above the lime zone. 
These profiles average the least alkaline of the brown soils studied. 

The 3 profiles of the Ritzville series range in pH from 6.7 to 9.4. These are the 
most alkaline profile reactions of this group, especially in the upper horizons. 
All of the profiles are neutral to mildly alkaline above the lime zone (tables 1, 5). 
The slightly cemented horizon in the lime zone of one of the profiles happens to 
be the deepest layer collected in that profile, and it has the highest pH value in 
that profile. 

The pH values of the 2 Fort Collins profiles vary from 612 to 9.1. One profile 
has a slightly acid horizon above the lime zone, whereas the other one is neutral 
to mildly alkaline in the upper layers. The fact that the finer textured profile 
has lower pH values in the horizons above the lime zone than the coarser textured 
one appears to contradict the hypothesis earlier advanced for the relatively low 
pH values of the upper horizons of the brown soils as compared with the more 
humid pedocals. Obviously this difference in pH values must be due to some 
cause other than texture. 


REBDISH BROWN SOILS 

Three series were selected as representative of the reddish brown soils (fig. 1) 
(70). They are the Springer (60, 61), Tivoli (80,) and White House (80). The 
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TABLE 6 
Reddish brown soils 


PRO- 

FILE 

NUM- 

BER 

LOCATION 

DEPTH 

HORIZON DESCRIPTION 

pH 

inches 

Springer loam 

49 

Midland Co., 

0-li 

1. Platy, chocolate-brown loam 

6.7 


Tex. 

14-6 

2. Reddish brown massive loam 

6.8 



6-36 

3. Compact zone. Red massive clay loam on hard 

7.3 




CaCOa 



Springer fine sandy loam 


50 

Midland Co., 

0-6 

1. Reddish brown fine sandy loam 

7.4 


Tex. 

6-14 

2. Light reddish brown fine sandy loam 

6.9 



14-48 

3. Compact brownish red fine sandy clay loam 

7.7 



48-60 

4. Lime zone. Brownish red fine sandy clay, some 

8.0 




lime streaks 




60-72 

5. Lime zone. Brownish red fine sandy clay, more 

8.4 




lime streaks 




72-84 

6. Lime zone. Yellow fine sandy limey clay, occa- 

8.4 




sional lime concretions on hard CaCOg 


51 

Ft. Sumner 

o-M 

1. Reddish brown fine sandy loam 

6.4 


Area, N. 

14-10 

2. Reddish brown fine sandy loam slightly lighter 

7.0 


Mex. 


in color 




10-18 

3. Reddish brown fine sandy loam slightly lighter 

7.9 




in color 




18-28 

4. Lime zone. Light reddish brown fine sandy 

7.9 




loam, some lime streaks 




28-32 

5. Lime zone. Pinkish caliche 

8.1 

52 

Midland Co., 

0-5 

1. Dark reddish brown heavy fine sandy loam 

7.7 


Tex. 

5-16 

2. Compact zone. Brown, to dark reddish brown 

7.7 




clay loam 




16-36 

3. Lime zone. Calcareous light brownish red clay 

7.9 




loam on soft CaCOg 



Tivoli fine sand 


53 

Midland Co., 

0-95 

1. Buff to grayish yellow fine sand 

6.6 


Tex. 

95-104 

2. Reddish yellow fine sandy loam 

5.8 



104-124 

3. Compact zone. Reddish yellow^ fine sandy clay 

6.7 




loam to fine sandy clay 




124-168+ 

4. Lime zone. Grayish yellow loam to fine sandy 

8.1 




loam, highly calcareous with some soft lime 
concretions 



White House gravelly sandy loam 


54 

Tucson Area, 

0-14 

■ 1. Light brownish red loose gravelly sandy loam 

5.8 


Ariz. 

14-10 

2. Dark reddish browm friable sandy loam, gran- 

6.2 




ular, contains much organic matter 




464 


EENEST H. BAILEY 


TABLE 6 — Continued 


PRO- 

PILE 

j 

LOCATION 1 

DEPTH 

HORIZON DESCRIPTION 

pH 

NUM- 

BER 

inches 





White House gravelly sandy loam — Continued 


54 

Tucson Area, 

10-28 

3. Compact zone. Deep dark red clay, dense cloddy 

6.7 


Ariz. 


structure, contains cobbles and boulders 




28-45 

4. Compact zone. Brownish red tough heavy clay 

7.0 




containing much disintegrating rhyolite, tra- 
chyte, granite, syenite, and diorite 




45-60 

5. Lime zone. Highly calcareous disintegrating 

8.3 




rock with tongues of the above tough red clay 



White House coarse sandy loam 


55 

Tucson Area, 

O-U 

1. Light brownish red loose loamy coarse sand 

6.2 


Ariz. 

li-7 

2. Dark reddish brown friable coarse sandy loam, 

6.8 




probably contains considerable organic matter 




7-12 

3. Compact zone. Dark brownish red gritty clay 

6.8 




loam, rather compact, but softer than horizon 
below 




12-30 

4. Compact zone. Dark red compact cloddy gritty 

7.2 




clay, indistinct columnar structure 




30-50 

5. Lime zone. Brownish red clay loam or clay, 

1 8.3 




contains disintegrating gravel and stone, dis- 
tinctly calcareous 



pH values of the horizons above the lime zones range from 5.8 to 7.9 and those 
of the lime zones from 7.9 to 8.4. Of the 7 profiles studied, 3 have neutral 
horizons above the lime zone, 1 is mildly alkaline throughout the horizons col- 
lected, 1 has a slightly acid layer above the lime layer, and 2 are medium-acid in 
the upper horizons. These soils average the most acid of the grassland pedicals 
(tables 2 to 6). This is doubtless due to the sandy nature of these profiles. A 
further indication of this is the fact that the sandiest one of the Springer profiles 
has the lowest pH in one of its upper horizons and the more gravelly of the 
White House profiles has the most acid horizons of that series in its surface layer. 

SIEROZEM SOILS 

The Portneuf series (49, 76, 79) was selected as representative of the sierozem 
soils (fig. 1) (70). The pH values of the horizons above the lime zones vary 
from 7.3 to 8.5 and those of the lime zones from 8.3 to 8.9 (table 7). One profile 
has a horizon above the lime zone that is neutral, 3 profiles have mildly alkaline 
horizons in the upper layers, and 1 profile is strongly alkaline throughout the 
profile. Of the Pedocals so far studied, these soils have the highest pH values in 
horizons above the lime zone (tables 2 to 7). Three profiles have horizons more 
alkaline than pH 8.5. In every case this high alkalinity occurs in the lime zone 
and the parent material. In 3 of the 4 profiles from which samples of the surface 
horizons were available, the compact zone has the lowest pH in the profile, 
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TABLE 7 
Sierozems 


PRO- 

FILE 

LOCATION 

DEPTH 

DESCRIPTION OF HORIZON 

pH 

NUM- 


BER 


inches 




Portneuf silt loam 


56 

Minidoka 

0-2 

1. Light brown friable silt loam to very fine sandy 

7.4 


Area, Idaho 


loam 




3-10 

2. Compact zone. Brown silt loam, slightly com- 

7.3 




pact prismatic structure 




11-26 

3. Lime zone. Yellowish white nodular silt loam, 

8.4 




very high in lime content 




27-72 

4. Parent material. Brown very fine sandy loam 

8.4 

57 

Jerome Area, 

0-2i 

1. Light grayish brown silt loam, friable and 

7.6 


Idaho 


smooth, slightly platy 




2-H5 

2. Compact zone. Light reddish brown heavy silt 

7.4 




loam to silty clay loam, prismatic structure, 
plastic when wet 




15-25 

3. Lime zone. Very light gray, silty clay loam, 

8.8 




nodular to irregular nut-structure, compact 
but brittle, highly calcareous 




25-48 

4. Lime zone. Very light gray silty clay loam, 

8.9 




compact, brittle and hard, highly calcareous 




48-72 

5. Parent material . Light yellowish gray very fine 

8.6 




sandy loam, mellow and friable, highly cal- 





careous 



Portneuf fine sandy loam 


58 

Gooding 

0-8 

1. Compact zone. Light brown slightly compact 

8.5 


Area, Idaho 


fine sandy loam, prismatic structure 




8-18 

2. Lime zone. Rather compact fine sandy loam, 

8.4 




highly calcareous and containing a few lime 
nodules 




18-31 

3. Lime zone. Light gray compact very fine sandy 

8.6 




loam, highly calcareous and softly cemented, 
nodular structure 




31-42 

4. Lime zone. Light grayish brown friable fine 

8.6 




sandy loam with a few fine nodules 




42-54 

5. Lime zone. Gray and reddish brown mottled 

8.6 




clay loam, softly cemented 


59 

Jerome Area, 

0-8 

1 . Light brown mellow fine sandy loam 

7.8 


Idaho 

8-20 

2. Compact zone. Light reddish brown compact 

7.7 




fine sandy loam, plastic, prismatic structure 




20-32 

3. Lime zone. Light yellowish gray plastic very 

8.4 




heavy silt loam, nut structure, lime, seamed 




32-72 

4, Light yellowish brown fine sandy loam fairly 

8.5 




compact but crumbling wdth pressure 
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TABLE 7 — Continued 


PRO- 

FILE 

LOCATION 

DEPTH 

DESCRIPTION OF HORIZON 

pH 

NUM- 

inches 

BER 





Portneuf very fine sandy loam 


60 

Minidoka 

0-1 

1. Light brown mellow very fine sandy loam 

7.6 


Area, Idaho 

1-6 

2. Compact zone. Brown very slightly compact 

8.2 




very fine sandy loam, prismatic structure 




6-18 

3. Lime zone. Light brown friable very fine sandy 

8.3 




loam, highly calcareous, containing a few soft 
lime nodules 




18-40 

4. Lime zone. Very light brown to cream-colored 

8.8 




silt loam, compact and nodular, very high in 
lime 




40-72 

5. Parent material. Light yellowish brov/n very 

9.1 




fine sandy loam, mostly loose and floury, but 
containing nodules of slightly cemented mate- 
rial 



whereas in 1 profile the reaction of the compact zone is intermediate between that 
of the surface above and that of the lime zone below. In the profile that has the 
compact zone at the surface, the hydrogen-ion concentration of that layer is 
virtually the same as that of the lime zone. The tw’o weakly cemented horizons 
in the lime zone have virtually the same pH values as the other horizons in that 
profile. 

DESERT SOILS 

The Mesa (32, 47) series was selected as representative of the desert soils 
(fig. 1) (70). The pH values of the 4 profiles studied range from 8.0 to 8.8 
(table 8). One profile is midly to strongly alkaline above the lime zone, and the 
other three profiles are strongly alkaline throughout (tables 1 and 8). The 
horizons above the lime zones have virtually the same pH values as the lime zones. 
Thus the desert soils are considerably more alkaline than the sierozem soils in the 
upper layers, as one would expect. Three of the profiles have horizons above 
8.5. In one profile these highly alkaline horizons occur throughout, whereas in 
two profiles they occur in the lower part of the lime zone or in the parent material. 
The cemented horizons of the lime zones appear to have pH values that are not 
essentially different from those of the other layers of the lime zones. 

RED DESERT SOILS 

Four series were selected as representative of the red desert soils (fig. 1) (70). 
They are the Mohave, Laveen, Moqui, and Superstition (26, 27, 56, 57, 59, 78^ 
The pH values of the red desert soils studied range from 7.8 to 9.3 (table 9). 
These values are somewhat higher than those reported on this group of soils by 
Brown and Drosdoff (8) and by Lapham (41). Of the 13 profiles, 2 are mildly 
to strongly alkaline above the lime zones, whereas the rest are strongly alkaline 
in all of the upper layers (tables 1 and 9). Eleven profiles have more alkaline 
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TABLE 8 
Desert soils 


yso- 

:file 

LOCATION 1 

DEPTH 


pH 

NUM- 


BER 


inches 

1 DESCRIPTION OF HORIZONS 

1 


Mesa clay loam 


61 

Uinta River 

O-i 

1. Light brown clay loam, calcareous 

8.5 


Valley Area, 

i-3 

2. Light brown heavy silt loam, calcareous 

8.4 


Utah 

3-36 

3. Lime zone. Light reddish brown heavy clay 

8.2 




loam 




36-48 

4. Lime zone. Slightly pinkish very light gray 

8.6 




clay, slightly cemented 


62 

Uinta River 

0-1 

1. Light grayish brown clay loam, calcareous 

8.8 


Valley Area, 

1-2 

2. Light browm clay loam, calcareous 

8.8 


■ Utah 

2-24 . 

3. Lime zone. Light reddish brown clay loam, 

8.8 




moderately compact, calcareous 




24-42 

4. Lime zone. Pinkish very light gray clay, 

8.6 




slightly cemented 



Mesa sandy loam 


63 

Uinta River 

o-i 

1. Light reddish brown fine sandy loam, calcareous, 

8.1 


Valley Area, 


containing small portions of lime crusts and 



Utah 


large gravel 




i-li 

2. Light reddish brown fine sandy loam, calcareous, 

8.0 




rounded cobbles and large gravel 




ii~i8 

3. Compact light reddish brown loam, moderately 

8.1 




compact, calcareous, containing considerable 
quantities of water-worn cobbles and large 
gravel 




18-60 

4. Lime zone. Faint pinkish light gray clay in 

8.3 




lime-coated gravels, slightly cemented 


64 

Uinta River 

o-i 

1. Light reddish brown fine sandy loam, slightly 

8.1 


Valley Area, 


calcareous surface, scattering of small quartz- 



Utah 


ite pebbles 




i-2 

2, Light reddish brown fine sandy loam, slightly 

8.1 




calcareous 




2-12 

3. Lime zone. Light reddish brown fine sandy 

8.3 




loam, moderately compact, containing a few 
small lime aggregates, scattered water-worn 
gravel 




12-48 

4. Lime zone. Lime-coated gravel embedded in 

8.7 




faint pinkish very light gray clay, compact, 
slightly cemented 



reactions than pH 8.5 in some of their horizons. Most of these highly alkaline 
horizons occur in the lime zone or in the parent material. Thus the pH values of 
the red desert soils are very similar to those of the desert soils, especially in the 
upper horizons, but are somewhat higher in their lower horizons (tables 8 and 9). 



TABLE 9 
Red desert soils 


PRO- 

PILE 


DEPTH 


pH 

NUM- 

BER 


inches 



Mohave sandy loam 

65 

Buckeye- 

0-4 

1. Faint reddish brown friable sandy loam, slightly 

8.4 


Beardsley 


calcareous 



Area, Ariz. 

4-18 

2. Reddish brown friable sandy loam, slightly cal- 

8.4 




careous 




18-28 

3. Compact zone. Grayish red, mottled, slightly 

8.3 




compact heavy sandy loam or loam, highly 
calcareous 




28-50 

4. Lime zone. Pinkish gray weakly cemented 

8.4 




loam, very highly calcareous 




50-72 

5. Brown coarse sand firm but friable, moderately 

9.2 




calcareous 


66 

Denning Area, 

0-1 

1. Red loamy sand 

8.2 


N. Mex. 

1-15 

2. Compact zone. Red compact sandy loam 

8.9 



15-25 

3. Compact zone. Red heavy sandy loam 

8.9 



25-60 

4. Lime zone. Red loam with lime spots 

8.2 

67 

Barstow Area, 

0-3 

1. Light grayish brown calcareous sandy loam 

8.6 


Calif. 

3-10 

2. Compact zone. Pinkish brown fairly compact 

8.8 




sandy loam 




10-20 

3. Compact zone. Light brown calcareous mod- 

9.3 




erately compact sandy loam 




20-30 

4. Lime zone. Light gray semicemented loam 

8.8 



30-72 

5. Rusty brown calcareous sand 

9.1 


Mohave loam 


68 

Salt River 

0-15 

1. Brownish red to red gritty loam 

8.0 


Valley Area, 

15-28 

2. Compact zone. Brownish red to red silty clay 

8.4 


Ariz. 


loam, mildly calcareous 




28-42 

3. Lime zone. Red moderately compact silty clay 

8.5 




loam, moderately to highly calcareous 




42-72 

4. Lime zone. Grayishbrowm to pinkish gray clay, 

8.8 




weakly cemented 


69 

Denning Area, 

o-li 

1 . Reddish brown loam 

8.5 


N. Mex. 

li-12 

2. Reddish brown loam, slightly lighter in color 

8.0 



12-lS 

3. Compact zone. Reddish brown slightly com- 

8.4 




pact loam 




18-60 

4. Lime zone. Reddish brown loam with lime 

8.5 




spots 



Mohave loamy coarse sand 


70 

Yuma - Well- 

0-10 

1. Grayish brown loamy coarse rather loose sand 

8.2 


ton Area, 

10-20 

2. Compact zone. Reddish brown coarse sandy 

8.2 


Ariz. ■ 


loam, compact and cloddy, calcareous 



—Calif. 

20-55 

3. Lime zone. Reddish brown very compact sandy 

8.1 




loam, containing many gray lime concretions 




55-72 

4. Lime zone. Reddish brown rather compact 

8.7 




loamy coarse sand, containing a few lime 





mottlings 



to to 



TABLE 9 — Continued 


PRO- 

FILE 

LOCATION 

DEPTH 

DESCRIPTION OF HORI7-ONS 

pH 

NUM- 

BER 

inches 





Laveen gravelly loam 


71 

Santa Rita 

0-1 

1. Loose concentration of light grayish brown 

8.3 


River Res- 


gravelly coarse sand and sandy loam, calcare- 



ervation, 


ous 



Ariz. 

f-14 

2. Lime zone. Light grayish brown heavy sandy 

8.3 




loam, firm but friable, highly calcareous, 
faintly veined with gray lime 




14-26 

3. Lime zone. Light reddish brown friable gritty 

8.2 




loam, veined and mottled with gray loam, con- 
taining considerable gravel 




26-44 

4. Lime zone. Mottled light gray and pinkish 

8.1 




brown gritty loam having rather compact, 
softly cemented, and nodular structure 




44-60 

5. Lime zone. Rather firmly cemented material 

8.3 




coming up in large chunks and containing con- 
siderable amounts of gravel and cobbles 




60-72 

6. Lime zone. Light gray gravelly sand thor- 

8.6 




oughly impregnated with lime but little ce- 
mented 



Laveen sandy loam 


72 

Buckeye- 

0-10 

1. Grayish brown moderately to highly calcareous 

8.5 


Beardsley 


slightly nodular friable fine sandy loam 



Area, Ariz. 

10-40 

2. Lime zone. Pinkish gray nodular slightly com- 

9.1 




pact to compact heavy fine sand}?' loam to 
loam, slightly cemented 




40-56 

3. Lime zone. Faint reddish brown, compact, 

9.0 




highly calcareous, slightly lime-streaked, 
heavy fine sandy loam or loam 




56-72 

4. Reddish brown, highly calcareous, compact fine 

8.9 




sandy loam 



Laveen loam 


Salt River 

0-8 

1. Dull reddish brown highly calcareous gritty 

8.4 

Valley Area, 


loam 


Ariz. 

8-22 

2. Lime zone. Grayish brown compact light gritty 

8.4 

' 


loam slightly mottled with lime and carrying 
many lime concretions 



22-72 

3, Lime zone. Gray to white moderately compact 

8.4 



nodular limy clay loam, slightly cemented 



Moqui loam 


St. Johns 

0-3 

1 . Reddish brown loam 

8.4 

Area, Ariz. 

3-5 

2. Gray-brown loam 

8.7 


5-20 

3. Compact zone. Reddish brown clay loam 

8.1 


20-40 

4. Lime zone. Grayish white silty clay loam, 

8.5 



slightly cemented 



40-80 

5. Reddish brown sands and gravels 

8.2 
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TABLE 9 — Continued 


PRO- 

FILE 

NUM- 

BER 

LOCATION 

DEPTH 

DESCRIPTION OF HORIZONS 

pH 

inches 

Moqui sandy loam 

75 

St. Johns 

1 

0-4 1 

1, Reddish brown sandy loam 

8.3 

1 

Area, Ariz. 

4-54 

2. Grayish brown sandy loam 

8.1 



54-16 

3. Compact zone. Reddish brown compact loam 

8.1 



16-40 

4. Lime zone. Grayish white sandy loam, slightly 

8.6 




cemented 




40-80 

5. Grayish brown sands and gravels 

8.8 


Superstition sandy loam 


76 

Yuma - Well- 

0-4 

1. Concentration of gravel, lime nodules, and loose 

8.6 


ton Area, 


sand 



Ariz. 

i-4 

2. Slightly compacted light grayish brown sandy 

8.6 


—Calif. 


loam with a slightly pinkish tinge 




4-20 

3. Lime zone. Somewhat compact light grayish 

8.3 




brown to pinkish gray sandy loam, containing 
many gray lime nodules 




20-40 

4. Lime zone. Very slightly compacted light gray- 

7.8 




ish brown sand, containing many gray lime 
nodules 




40-72 

5. Lime zone. Loose grayish brown sand, contain- 

8.6 




ing a few lime nodules 



Superstition sand 


Yuma - Well- 

0-6 

1 . Light pinkish brown slightly loamy firm sand 

8.6 

ton Area, 

6-30 

2. Lime zone. Light pinkish grayish brown loamy 

8.6 

Ariz. — 


sand, slightly compact, containing a large 


Calif. 


number of white lime nodules. 



30-72 

3. Light grayish brown fine to medium loose sand 

9.0 


The four series studied are very uniform in the pH values of their profiles. In 
fact, the average pH value of all the horizons of all the profiles varies only 0.3 
between the series (Mohave) having the highest average and the one (Supersti- 
tion) having the lowest average. Of the 6 Mohave profiles 2 are mildly to 
strongly alkaline above the lime zone, and the other profiles are all strongly 
alkaline in their upper layers (tables 1 and 9). As in the sierozem and the 
desert soils, there appears to be no connection between cementation in the lime 
zone and the reaction of the profile, as the cemented horizons have virtually 
the same pH values as the uncemented horizons of that zone. 

Five of the Mohave profiles have horizons above pH 8.5. In 1 profile every 
horizon is more alkaline than .8.5; in 1, highly alkaline layers occur in the compact 
zone; and in the 3 remaining profiles, the high pH is found in the lower part of 
the lime zone or in the parent material. In 2 profiles the compact zones have the 
highest pH values ; in 1 profile the compact zone has a slightly higher pH than 
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the lime zone and the same as the surface horizon; in 1 it has the lowest pH in the 
profile; and in the 2 remaining profiles its reaction is intermediate between the 
horizon above and the lime zone. 

All three Laveen profiles, as well as the profiles of the other red desert soils, 
are strongly alkaline above the lime zone. One profile has the same pH through- 
out. Two profiles hai^e horizons more alkaline than pH 8.5. These occur in the 
lime zone in both cases. 

Both of the Moqui profiles have horizons more alkaline than pH 8.5. In one 
profile this high alkalinity occurs next to the surface layer and just above the 
compact zone; in the other, it occurs in the lime zone and in the parent material. 
In both profiles, the pH values of the compact zones are the lowest, although in 
one the pH is the same as that of the horizon above it. 

All of the horizons above the lime zone in both of the Superstition profiles ai'e 
strongly alkaline (tables 1 and 9). The lowest pH (7.8) found in the desert and 
red desert soils occurs in the middle of the lime zone of one of these profiles 
(tables 8 and 9). Both profiles have horizons above pH 8.5. In one, these 
highly alkaline reactions occur throughout the profile, whereas in the other they 
occur in the surface horizons and in the lower part of the lime zone. 

SUMMARY 

Hydrogen-ion determinations w^ere made in duplicate with a hydrogen electrode 
on samples of each of the horizons of several carefully selected profiles of a con- 
siderable number of important soil series in the United States. These series are 
classified into the various great soil groups. Every profile studied is located on a 
great soil group association map of the United States. 

The lime zones of the pedocal profiles range from mildly alkaline to very 
strongly alkaline in reaction. 

In the grassland pedocals, such as the chernozem, chestnut, reddish chestnut, 
brown, and reddish brown soils, the horizons above the lime zones have virtually 
the same reaction range — medium-acid to strongly alkaline. 

In the desert and red desert profiles the horizons above the lime zones have 
virtually the same reactions as the lime zones. 

In the sierozem profiles the horizons above the lime zones tend to be more 
alkaline than those of the grassland pedocals but not so alkaline as those of the 
two desert groups. They are neutral to strongly alkaline. 
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Pore volume, air capacity, water-holding capacity, and volume weight are 
now generally recognized by forest ecologists as important soil properties. Data 
concerning these characteristics are frequently useful in evaluating site quality 
and as a basis for judging the influence of stand composition, cultural treatments, 
reproduction methods, fire, or grazing on the soil. 

Various methods are available for investigating these physical properties. 
The technique most widely used is perhaps that of Burger,^ with or without 
modification, which employs metal C3dinders of 1000-cc. capacity’' to obtain 
samples of undisturbed soil. Essentially the same technique as outlined by 
Burger has been used by the vTiter in forest soil investigations for a number of 
years. During this time several modifications have been developed which appear 
sufficiently advantageous to merit presentation. 

MOISTURE CONTENT OF SOIL AT TIME OF SAMPLING 

One of the first considerations when sampling with cylinders relates to the 
moisture content of the soil at the time the samples are taken. Many soils, 
particularly those which are fine textured, undergo appreciable change in volume 
with change in moisture content. Despite this well-known fact, investigators 
commonly sample soils without regard to their moisture status. Various workers 
have noted that samples of relatively dry soil may show a considerable amount 
of expansion when such samples subsequently saturated. The soil which thus 
expands beyond the cylinder rims is usually cut off and discarded. 

In order to eliminate the problem created by expansion of soil samples taken 
in cylinders, and for a further more important reason to be discussed later, the 
writer has adopted the practice of sampling only when the soils are at their field 
capacity. This allows for full expansion of the soil under natural conditions 
prior to sampling and consequently obviates the questionable practice of remov- 
ing and discarding soil which has expanded beyond the cylinder rims. 

It must be admitted that the decision to restrict cylinder sampling to soils 
at their field capacity in order to obtain more acceptable values for volume weight 
is based mainly on theoretical considerations; experimental data have not been 
obtained by the writer. The only comparative measurements available seem 
to be those reported by Burger from Switzerland. He sampled two areas : one 
supporting an old forest of beech with occasional spruce and fir; and the other, 

1 Burger, H, 1923 Physikalische Eigenschaf ten der Wald- und Freilaudboden. Blihler 
Buchdruck, Zurich. 
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a nearby area supporting a 10-year-old plantation stand. The soil in both stands 
was a marly loam. In each of the areas two sets of three c^dinder samples 
(1000 cc.) were taken.^ In the first set each cylinder was driven in to almost 
its full depth (11.4 cm.) and a headpiece of 4-liter capacity was attached to the 
top. Four liters of water was then poured in and after it had entered the soil 
the headpiece was removed, and, if necessary, the C3dinder was driven farther 
in until exactly filled. The top was then closed with a cover and after 20 
minutes the filled cylinder was removed, the soil cut off flush with the lower 
rim, and a cover applied thereto. The cylinder with sample was then weighed. 
In the second set of samples the cylinders were driven into the soil until exactly 
filled and after removal the ends were covered; no water w^as added. In the 
laboratory all cylinder samples were immersed in a tank of water for 24 hours to 
accomplish complete saturation. The soil which had expanded beyond the 
cylinder rims was cut off and discarded. 

Burger’s data indicate for the old forest area an average volume weight of 1.032 
for the samples that were saturated in place, and 1.119 for the samples that 
were saturated in the laboratory (with removal of the soil which expanded beyond 
the cylinder rims). In the samples from the young plantation the comparable 
values were 1.074 and 1.130. Thus, the samples which expanded during satura- 
tion in the laboratory had a density 5.2 to 8.4 per cent greater than samples 
of soil which were saturated in place in the field. These differences, applying 
as they do to a soil which was characterized as a marly loam, should not be 
regarded as maxima which might be obtained. 

LABORATOBY PROCEDURE 

In order to facilitate presentation of the laboratory procedures, two schedules 
of treatment, A and B, are recognized. 

Schedule A 

1. The cylinder with contained soil at field capacity (plus covers when these 
are used) is weighed, either in the field or in the laboratory. The total weight 
(Wt) less the weight of the cylinder (Wcy) and covers (IFc) represents the weight 
of the soil sample at field capacity, here designated as Wsfc, 

Wt - Wcy - Wc = Wsfc 

2. In the laboratory a filter paper and wire screen are applied to the lower end 
of the cylinder, and the whole is immersed in a tank of "water for 24 to 48 hours. 
It is a better procedure to place the cylinder samples in an empty tank, then 
flow in water until it stands at about one-third of the cylinder height. After 
an hour water is again run into the tank, bringing the level to two-thirds the 
cylinder height; finally, after another hour, the water-level is brought to the top 

^ A third set of three samples was also taken from each of the two areas, but these are 
not considered in the present discussion. The procedure was the same as described for the 
second set above, except that the soil which expanded when the samples were saturated 
wm not removed. 
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of the cylinder, where it is allowed to stand for 24 to 48 hours. By gradually 
raising the water level as suggested, it is presumed that better replacement of 
the air in the soil mass is obtained. 

3. After remaining in water for 24 to 48 hours, the cylinder sample should 
contain no air, but actually complete replacement of air in cylinder samples by 
this treatment is impossible. At this stage, the investigator has the choice of 
two procedures, both of which give essentially the same result, as is shown by the 
data in table 1. 

The first procedure, involving use of watertight covers, has been rather widely 
used in the past. It requires the application of tight covers to the cylinder 
ends while the cylinder is still under water. The tightly closed cylinder is then 
removed from the tank, quickly dried to remove surface water, and weighed in 
air. From the total 'weight of the system (cylinder + covers + soil + water) 
the pore volume may be readily obtained. Pore volume (in cubic centimeters) 
is taken to be equal to the weight of water (in grams) in the system and may be 
converted to a percentage value by the formula: 

Pore volume, cc. ^ 

Volume of cylinder, cc. 

The second procedure, involving weighing the cylinder and sample under 
w'ater, is less troublesome and more rapid. An ordinar}’" heavy-duty balance 
adapted for specific gravity measurements is used for weighing. The weight of 
water displaced by the soil is obtained by subtracting the weight of the soil 
under water from the weight of the dry soil in air. Pore volume in per cent is 
then obtained by the formula: 

Volume of cylinder, cc. — volume of water displaced by soil, cc. ^ 

Volume of cylinder, cc. 

The data in table 1 were obtained from 22 cylinder samples of Merrimac sand, 
each of which was examined by both of the foregoing procedures. It may be 
seen that the mean difference betiveen results for the two methods amounted to 
only 0.54 ± 0.12 per cent, the values obtained by weighing under 'water being 
higher than those obtained when watertight covers -were employed. The dif- 
ference in values obtained by the two procedures is statistically significant, but 
the mean difference is so small as to be of no practical importance. It should be 
borne in mind that pore volumes obtained by either of these two procedures are 
only approximate, being based on the erroneous assumption that all air in the 
soil has been replaced by water after the 24-48-hour immersion, ' Of the two 
techniques, however, that involving weighing the sample under water is 
preferable. 

4. This step is ignored if the soil was at its field capacity when the samples 
were taken, as recommended in step 1. As many investigators do not start 
with the soil at field capacity, however, it is necessary for them to obtain in the 
laboratory some measure of water-holding capacity . This may be accomplished 
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as follows: After the cylinder sample (with all the air presumably replaced by 
water) has been weighed, following either of the two procedures mentioned in 
step 3, it is set aside to drain. The objective is to determine the water-holding 
capacity, or the amount of water held by the soil against the force of gravity. 
Gravitational water which drains from the sample is taken as a measure of the 
air capacity, or the noncapillary pore space. Laboratory determination of the 
amount of water held by a soil sample against gravitational forces presents 
several problems; the values so obtained appear to exceed field capacity values. 
Two considerations are of prime importance, (a) the conditions under which 
drainage occurs, and (6) the time of drainage. Conditions under which drain- 
age is accomplished vary greatly among different investigators. Some place the 
cylinder with contained soil on an inclined screen for di*ainage; others place the 

TABLE 1 


Comparison of values for pore volume obtained on cylinder samples of soil by two 

different methods 


SAMPLE 

DESIGNATION 

POKE VOLUME BY 
METHOD INVOLVING 
USE OF WATER- 
TIGHT COVERS 

PORE VOLUME BY 
METHOD INVOLV- 
ING WEIGHING 
CYLINDER AND 
SOIL IN WATER 

SAMPLE 

DESIGNATION 

PORE VOLUME BY 
METHOD INVOLVING 
USE OF WATER- 
TIGHT COVERS 

PORE VOLUME BY 
METHOD INVOLV- 
ING WEIGHING 
CYLINDER AND 
SOIL IN WATER 


per cent 

per cent 


per cent 

per cent 

lA 

45,7 

45.6 

2BN 

48.3 

48.9 

SB 

38,9 

39.1 

2AN 

55.0 

55.1 

12A 

45.8 

45.8 

3BN 

45.5 

45.4 

12B 

44,4 

45.4 

4AN 

53.7 

54.8 

13A 

46,6 

46.2 

4BN 

48.9 

49.9 

13B 

41.8 

41.7 

SAN 

61.4 

61.8 

14A 

47.5 

47.2 

8BN 

47.4 

48.4 

14B 

37.3 

38.1 

9AN 

49.2 

49.8 

IAN 

56.0 

57.1 

9BN 

47.9 

48.5 

IBN 

49.4 

50.9 

13AN 

49.5 

51.1 

2AN 

57.3 

58.3 

13BN 

48.4 

48.7 


cylinders on sand-flats. In either case the upper surface of the soil sample is 
usually protected against evaporation by a moist cloth. A fixed drainage time 
of 1 or 2 hours is commonly employed. Drainage of cylinder samples on screens 
has been found unsatisfactory, because of interface phenomena; it is better 
practice to accomplish drainage on sand-flats. A drainage period of 1 hour was 
used in earlier work. A 2-hour period was employed in the investigation pre- 
sented here, but even this time appears to be too short. 

In table 2 are presented data to illustrate the difference in water-holding 
capacity values (volume basis) obtained in the laboratory by the foregoing 
technique and in the field as described earlier in step 1 . The values given were 
obtained by examination of each sample by both methods. Values for water- 
holding capacity based on the laborator3J' determinations averaged 22.5 db 0.69 
per cent higher than values based on field capacity. This difference is statisti- 
cally significant at the O.OI per cent level. 
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In view of the difficulty of determining the water-holding capacity of soil 
samples in the laboratory, there are distinct advantages to starting with the soil 
at its field capacity. When this practice is followed, drainage of gravitational 
water from the soil body occurs under natural field conditions which cannot 
be reproduced in the laboratory. 

Following determination of weight after drainage in the laboratory (or after 
the pore volume is obtained if water-holding capacity is to be based on the mois- 
ture content of the soil at its field capacity), the soil sample is oven-dried to 
constant weight at a temperature of 105-1 10°C. 

TABLE 2 


Comparison of values for water-holding capacity obtained on cylinder samples of soil by two 

different methods 


STATION 

WATER-HOLDING CAPACITY, 
LABORATORY DETERMINATION*, 
DRAINAGE ON SAND-ELAT TOR 

2-hour period 

water-holding CAPACITY 
(field capacity) ; soil at field 

CAPACITY AT TIME OF SAMPLING 


per cent volume 

per cent voUme 

1 

39.7 

20.8 

2 

! 47.2 

25.6 

3 

CO 

20.3 

4 

56.2 

33.2 

5 

35.9 ! 

16.9 

6 

46.3 

25.9 

7 

45.5 

22.0 

8 

42.7 

21.4 

9 

50.2 

25.1 

10 

44.0 

20.4 

11 

43.9 

20.4 

12 

49.1 

22.0 


5. Computation of results for the various physical properties may now be 
completed. 

Pore volume {percentage volume): 


Pore volume, cc. 
Volume of cylinder, cc. 


X 100 


or 


Volume of cylinder, cc. — volume of water displaced by soil, cc 
Volume of cylinder, cc. 


- X 100 


Volume weight: 

Oven-dry weight of sample, gm. (step 4) 

Volume of cylinder, cc. 

Water-holding capacity (percentage volume) : 

Wsfc. g m. (step 1) — oven-dry weight of sample, gm. (step 4) 
Volume of cylinder, cc. 
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Air capacity {percentage volume): 

Pore volxune, cc. (ste p 3) — volume of water (cc.) in sample when at field capacity 

Volume of cylinder, cc. ^ 

Specific gravity of soil material: 

Qven~dry weight of soil, gm. 

Volume of cylinder, cc. — pore volume, cc. 

or 

Oven-dry weight of soil, gm. 

Volume of water displaced by soil, cc. (step 3) 

Schedule B 

1. Same as in schedule A. After determining the weight of the sample at 
field capacity the investigator may elect to remove the sample from the cylinder 
and allow it to dry as explained in the follo^ving section, “Effect of allowing 
samples to dry before determining pore volume.’^ By drying the sample two 
advantages are gained: (a) determination of pore volume then may be delayed 
until a convenient time, and (6) step 5 may be eliminated, except for measurement 
of the temperature of the water in the pycnometer. It should be borne in mind 
that if step 5 is to be eliminated the oven-dry xveight of the sample must be estab- 
lished before proceeding with step 2. 

2. In the laboratory the entire sample is removed from the cylinder, placed 
in a vessel, and covered with water. It is allowed to stand, with occasional 
stirring for 24 to 48 hours. 

3. The soil and water (at room temperature) are then transferred to a Pyrex 
desiccator, 8 inches in diameter, mth a tubulated cover and subjected to a 
vacuum equal to 15 inches of mercury for 2 to 3 hours with occasional shaking. 
This treatment is designed to remove the air from the soil material. Two other 
treatments to remove the air from the soil (cold water without evacuation, and 
boiling for 2 hours followed by evacuation for 2 to 3 hours) were also tested. 
The results are presented in table 3. Pore-volume values by the cold-water 
treatment alone averaged 2.0 ± 0.32 per cent less than values derived from 
samples which were boiled 2 hours and evacuated 2 to 3 hours. This difference 
is statistically significant at the 0.01 per cent level. The soil employed in all 
these determinations was Merrimac sand; larger differences would probably 
result in fine-textured soils. Pore-volume values of samples that were boiled 
2 hours and evacuated 2 to 3 hours averaged 0.3 ± 0.07 per cent greater than 
values obtained by evacuation in cold water. This difference, although small, 
proved to be statistically significant at the 0.01 per cent level. 

It is generally recognized that incomplete removal of air from soil samples 
results in pore-volume values which are too low. Consequently, the treatment 
with cold water alone gave the least acceptable values, and the treatment 
involving boiling with subsequent evacuation gave the best results. There is 
actually very little difference, however, in results obtained by evacuation in cold 
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water and boiling -with subsequent evacuation. Of these two methods, 
evacuation in cold water is favored by the writer because of its greater simplicity, 
4. Following evacuation of the sample in cold water a glass tube approximately 
35 cm. long with a diameter of about 10 mm. and graduated in 0.1 cc. is then 
fitted in the tubulure of the desiccator cover; hereafter this apparatus is referred 
to as a pycnometer. Water is added until the level is brought to a predeter- 
mined reference point on the graduated glass tube. Care is taken not to trap 
any air bubbles in the pycnometer. The entire system, pycnometer, soil, and 

TABLE 3 


Comparison of values for pore volume obtained on soil samples by three different treatments 

{pycnometer determinations) 


SAMPLE NUMBER 

PORE VOLUME 

Cold water with 
occasional stirring 

Cold water w-ith 
evacuation (15' Hg) 

Boiling with 
evacuation (IS' Hg) 


per cent 

per cent 

per cent 

3A 

44.7 

47.6 

47.9 

7A 

46.6 

46.9 

47.4 

7B 

41.9 

42.5 

42.9 

lOA 

46.6 

46.6 

47.1 

lOB 

44.3 

45.4 

45.6 

llA 

48.4 

50.3 

50.6 

IIB 

47.9 

47.7 

47.9 

12A 

50.3 

50.2 

50.7 

12B 

47.1 

48.8 

48.5 

13A 

48.0 

49.9 

50.1 

13B 

44.8 

46.5 

46.9 

14A 

49.9 

52.2 

51.6 

14B 

41.7 

44.3 

44.8 

IAN 

55.9 

59.5 

59.9 

IBN 

50.1 

51.4 

51.9 

2AN 

56.3 

61.0 

61.7 

2BN 

49.7 

50.8 

50.9 

SAN 

53.1 

57.0 

57.7 

3BN 

49.0 

50.7 

50.9 

4AN 

55.8 

56.9 

57.2 


water, is then weighed to the nearest gram on a heavy-duty balance having a 
capacity of about 25 kgm. 

5. Sufficient water is then siphoned from the pycnometer to enable removal of 
the cover, and the temperature of the soil-water suspension is taken. (If the 
oven-dry weight of the sample has been previously established, the remaining 
procedure in this step becomes unnecessary.) The water remaining in the pyc- 
nometer is decanted and added to that previously siphoned off. The combined 
soil- water suspension is placed aside to settle for about an hour. 

Most of the soil remains in the pycnometer and this is now washed, with as 
small a volume of water as possible, into a pan or other vessel for drying. Initial 
drying is accomplished on a hot plate followed by final drying in an oven. 
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The aforementioned soil-water suspension is carefully decanted so as to retain 
the coarser soil fraction in the vessel; this latter material is next washed into a 
beaker of about 600-cc. capacity, taken do'wn to dryness, and weighed. 

The volume of the remaining soil-water suspension (containing clay and some 
silt) is determxined and, after thorough stirring, two 200-cc. aliquots are removed. 
These aliquots are placed in beakers of about 250-cc. capacity, taken down to 
dryness, and weighed. 

With the foregoing data it is a simple matter to arrive at the oven-dry weight 
of the entire soil sample. 

6. It is necessary to establish the weight of the pycnometer when filled with 
water at the same temperature as that recorded in step 5. A convenient method 
is to obtain measurements of weight of the water-filled system for several tem- 
peratures and from these derive a curve. From this curve the weight correspond- 
ing to ail}’' desired temperature may be obtained. 

7. Computation of volume-weight and pore-volume values may be most 
readily understood by reference to the following form which has been used in 
recording the various measurements. For convenience the column headings 
have been designated by Roman numerals. If the dry weight of the entire 
sample was established in step 1, the value is entered in column X, and columns 
IV-IX are omitted. 

1. Sample number or designation. 

II. Weight of the system: pycnometer -f soil 4- water, gm. 

III. Temperature of water in II. 

IV. Volume of soil-water suspension (containing clay and silt), cc. 

V. Duplicate aliquots of IV (normally 200 cc. each). 

VI. Weight of sediment in V (both aliquots), gm. 

VII. Total weight of sediment in IV based on amount in aliquots VI, gm. 

VIII. Weight of sediment which settled out during the 1-hour period, gm. 

IX. Weight of the main soil sample, gm. 

X. Dry weight of the entire soil sample (VII 4- VIII 4“ IX) gm. 

XI. Volume weight: X -f- volume of sample of soil in place, i.e., volume of cylinder, cc. 

XII. Weight of water displaced by soil sample (weight in gm. of pycnometer filled with 
water at the same temperature as in III -j- X) — II gm. 

XIII. Volume of water displaced by soil (XII corrected for density at the temperature ob- 

served), cc. 

XIV. Pore volume, per cent: 

Volume of soil in place, cc. — XIII 

— X 100 

Volume of soil in place, cc. 

8. Computation of water-holding capacity, air capacity, and true specific 
gravity is the same as in schedule A. 

COMPARISON OP RESULTS OBTAINED IN SCHEDULES A AND B 

Water-holding capacity 

If water-holding capacity is based on the moisture content of soil in place at 
its field capacity the result is the same in both schedules. If, however, the 
water-holding capacity is based on a laboratory determination (immersion of the 
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sample in water for 24 to 48 hours followed drainage on a sand-flat for 2 hours) , 
values averaging 22.5 per cent (volume basis) too high are obtained as indicated 
in table 2. 


Pore volume 

Comparisons of pore-volume results from three different treatments in the 
pycnometer have been considered in table 3. It remains to compare these re- 
sults with those obtained by the technique mentioned in schedule A, step 3 
(immersion in a tank of Avater for 24 to 48 hours followed by AA^eighiiig under 
Avater) . 

On the basis of 20 cylinder samples the latter method gave results AA^hich 
averaged 4.7 ±0.31 per cent loAA^er than AA^ere obtained for the same samples 

TABLE 4 


Comparison of results for volume weight of cylinder samples of soil by two different methods 


SAMPLE NUMBER 

VOLUME WEIGHT 

SAMPLE NUMBER 

VOLUME WEIGHT 

Treatment as in 
Schedule A 

Treatment as in 
Schedule B 

Treatment as in 
Schedule A 

Treatment as in 
Schedule B 

3A 

1.371 

1.369 

13B 

1.398 

1.394 

7A 

1.400 

1.395 

14A 

1.247 

1.249 

7B 

1.516 

1.516 

14B 

1.467 

1.467 

lOA 

1.397 

1.395 

IAN 

1.023 

1.017 

lOB 

1.451 

1.453 

IBN 

1.252 

1.248 

llA 

1.291 

1.291 

2AN 

1.011 

0.996 

IIB 

1.355 

1.359 

2BN 

1.305 

1.300 

12A 

1.273 

1.263 

SAN 

1.096 

1.096 

12B 

1.352 

1.351 

3BN 

1.299 

1.298 

13A 

1.284 

1.281 

4AN 

1.131 

1.129 


after boiling and evacuation in the pycnometer. This difference is significant at 
the 0.01 per cent level. 

It may also be pointed out that the technique described in schedule A, step 3 
results in pore-volume values (based on 20 samples) 2.9 ± 0.43 per cent loAA^er 
than those obtained by pycnometer measurements AAdth cold Avater AAnthout 
evacuation. Presumably these differences are greater in fine-textured soils 
because of the greater difficulty of removing the contained air. 

Volume weight 

If the soil is at its field capacity when sampled one Avould expect that volume- 
Aveight values obtained in schedules A and B Avould be the same. That this is 
essentially true is indicated by the data in table 4. Analysis of these data shoAV 
that volume weight as determined in schedule A averages 0.0026 ± 0.0009 
higher than that by the treatment (boiling Avith subsequent evacuation) in 
schedule B. This difference, although very small, is statistically significant at 
the 0.01 per cent level. Presumably the difference results from losses of soil 
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material in boiling or handling. From a practical point of view the differences 
are negligible. 

Air ca'pacity 

Air-capacity values are obviously influenced by the values for both pore 
volume and water-holding capacity. If pore-volume values are too low the air- 
capacity values will be correspondingly too low. On the other hand, if water- 
holding capacity values are too high the air-capacity values will bo correspond- 
ingly too low. 


True specific gravity of soil material 

Incomplete removal of air from the soil sample is a principal source of error 
in determinations of true specific gravity. If air is incompletely removed, the 

TABLE 5 


Comparison of results for true specific gravity of cylinder samples of soil by two 

different methods 


SAMPLE NtTMEER 

SPECIPIC GRAVITY 

SAMPLE NUMBER 

SPECIFIC GRAVITY 

1 

Treatment as in 
Schedule A 

Treatment as in 
Schedule B 

Treatment as in 
Schedule A 

Treatment as in 
Schedule B 

3A 

2.38 

2.61 

13B 

2.40 

2.60 

7A 

2.37 

2.63 

14A 

2.38 

2.61 

7B 

2.39 

2.64 

14B 

2.34 

2.63 

lOA 

2.37 

2.61 

IAN 

2.32 

2.51 

lOB 

2.45 

2.66 

IBN 

2.47 

2.57 

llA 

2.34 

2.60 

2AN 

2.37 

2.55 

IIB 

2.34 

2.60 

2BN 

2.52 

2.64 

12A 

2.35 

2.54 

SAN 

2.44 

2.55 

12B 

2.43 

2.64 

3BN 

2.38 

2.63 

13A 

2.40 

2.56 

4AN 

2.44 

2.62 


reported volume of the solid soil material is too high and the true specific gravity 
consequently too low. This is indicated by the data in table 5. 

True specific gravity values obtained in schedule A (cylinder samples im- 
mersed in water for 24 to 48 hours) average 0.21 d= 0.01 lower than values ob- 
tained in schedule B (evacuation in cold water for 2 to 3 hours). This difference 
is statistically significant at the 0.01 per cent level. Values for true specific 
gravity based on pycnometer measurements mthout evacuation or boiling fall 
between those presented in table 5. 

EFFECT OF ALLOWING SAMPLES TO DRY BEFORE DETERMINING PORE VOLUME 

Sometimes, because of lack of laboratory facilities near the point where field 
work is being conducted, it is impossible or inconvenient immediately to proceed 
beyond step 1 in schedule B. The question then arises whether the sample may 
be removed from the cylinder, dried, and stored until it can be returned to a 
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central laboratory or until it is convenient to complete the examination. Con- 
sideration has been given this question. 

It is obvious that values for volume weight and water-holding capacity will 
not be affected, but it seemed possible that drying might cause changes which 
would alter the values for pore volume and air capacity. Tests were conducted 
with 10 samples to supply information on this point. Pore volume of each 
sample was first determined by the procedure described in schedule B (evacua- 
tion in cold water for 2 to 3 hours) . The full sample was then recovered in each 
case and after being oven-dried and weighed was again allow'ed to soak in water 
for 24 to 48 hours. Again pore volume was determined by the procedure indi- 
cated above. Results of these tests are presented in table 6. Pore-volume 
values for the samples which had been oven-dried averaged 0.1 ± 0.14 per cent 
higher than values for samples not oven-dried. This difference is not statistically 


TABLE 6 

Comparison of pore-volume values determined for samples of soil in their field condition and 
after being oven-dried (samples in cold water in pycnometer plus evacuation) 


STATION 

PORE VOLUME, BASED ON TIELD 
CONDITION 

PORE VOLUME, BASED ON OVEN-DRIED 
SAMPLES SUBSEQUENTLY SOAKED 

24 TO 4S HOURS 


per cent 

per cent 

2A 

48.7 

48.8 

4A 

49.7 

49.1 

6A 

46.6 

46.4 

9A 

49.1 

48.7 

lOA 

46.4 

46.5 

IAN 

59.9 

60.1 

2AN 

60.4 

60.9 

SAN 

60.5 

60.8 

4AN 

56.7 

57.6 

6AN 

61.1 

61.1 


significant, indicating that pore-volume values obtained by either procedure 
are equally satisfactory. Since pore volume does not undergo an}?- significant 
change as a result of drying of the samples, it follows that air-capacity values, 
likewise, will undergo no change. 

This finding also suggests that an important saving of time can be effected in 
schedule B. Preceding step 2 in schedule B the soil may be removed from the 
cylinder, oven-dried, and weighed. 

With the oven-dry weight of the sample thus established it will be obvious 
that except for the measurement of water temperature, step 5 becomes unneces- 
sary^ and may be eliminated. 

SUMMARY AND CONCLUSIONS 

Pore volume, air capacity, water-holding capacity, and volume weight are 
conveniently. measured in samples of undisturbed soil collected in metal cylinders. 

Whenever possible the moisture content of the soil should be at field capacity 
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when sampling is carried out. This provision eimiinates problems arising as a 
result of expansion of fine-textured soils that are sampled in dry condition and 
subsequently wetted. A further, more important advantage is that drainage of 
gravitational water from the soil body occurs under natural conditions, with the 
result that the moisture content at field capacity is a more acceptable measure 
of water-holding capacity than can be obtained in the laboratory. In Merrimac 
sandy loam, water-holding capacity determined in the laboratory (samples in 
cylinders submerged in water for 24 to 48 hours followed by drainage for 2 hours 
on a sand-flat) exceeded the field capacity by an average value of 22.5 dz 0.69 
per cent (volume basis). 

Two schedules of procedure are presented for measuring the physical properties 
of soil samples collected in metal cylinders. Assuming that the soil to be in- 
vestigated is at its field moisture capacity, and this initial condition is recom- 
mended, both schedules will result in essentially the same values for field capacity 
(here taken as equivalent to water-holding capacity) and volume weight. Values 
for pore volume will be highest, and presumably most accurate, when the samples 
are treated according to one of the procedures in schedule B (sample removed 
from cylinder and allowed to stand in water for 24 to 48 hours, followed by boiling 
for 2 hours and finally evacuation for 2 to 3 hours) . This treatment is very time- 
consuming and for practical purposes results in values nearly the same as those 
obtained by the preferred procedure in schedule B (as above but the samples are 
not boiled). Samples receiving the latter treatment averaged only 0.3 dr 0.07 per 
cent lower in pore volume than samples receiving the treatment involving boiling. 
In the third treatment tested in schedule B the samples were neither boiled nor 
evacuated, but as in the other schedule B treatments the volume of the soil 
material was determined in a pycnometer. Pore volume determined by this 
third treatment averaged 2.0 dr 0.32 per cent less than by the procedure in- 
volving both boiling and evacuation. Results obtained b}^ the procedure in 
schedule A (cylinders with contained samples allowed to stand in water 24 to 48 
hours and then weighed under water) indicate pore-volume values averaging 
4.7 d= 0.31 per cent less than values obtained in schedule B (both boiling and 
evacuation). As pointed out earlier, incomplete removal of air from the soil 
sample results in low values for pore volume. 

Air-capacity values bear an intimate relationship to pore-volume values. If 
the latter are too low, the former will be correspondingly too low. On the other 
hand, if values for water-holding capacity are too high, air-capacity values will 
be correspondingly too low. 

Values for true specific gravity are too low if all air is not removed from the 
soil sample. This explains why true specific gravity determined according to the 
procedure in schedule A averages 0.21 d= 0.01 lower than values obtained in 
schedule B (evacuation for 2 to 3 hours). 

If samples are to be investigated by the procedure in schedule B, they may 
be removed from the cylinders after being weighed to determine the moisture 
content at field capacity. These samples may then be dried and stored until it 
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is convenient to complete the determinations. No statistically significant differ- 
ence in pore volume could be established between samples which ivere investi- 
gated in their field condition and those which had been oven-dried. This fact 
is of much practical importance for investigators who may be working far from 
laboratory facilities. Furthermore, by establishing the oven-dry weight of the 
sample prior to proceeding with step 2 in schedule B, it is possible to eliminate 
the time-consuming technique of step 5. 
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Scobey, 449; Shelby, 382; Spencer 
(Colby), 224; Springer, 462; Supersti- 
tion, 126, 466; Surry, 79; Talladega, 
79; Tivoli, 462; Volusia, 192; Wlnte 
House, 462; Williams, 499 
Soil solution, extraction of, 119-136 
Tirs (black humus earth) of Morocco, 313- 
339 

Tobacco, calcium and boron content, 19 
Tricalcium phosphate (fused), relation of 
defluorination to fertilizer value of 
quenched fusions of rock phosphate, 
425-442 

Tung trees, leaf composition, in relation to 
mineral nutrition, 281-291 
Vetch (hairy), effect of boron on seed 
production, 76-79 

Water, purification by synthetic resins, see 
Resins 



